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SUMMARY

SUMMARY

The Arabidopsis thaliana sensor hybrid histidine kinase AHK1 was suggested to work as osmosensor
in plants (Urao et al., 1999; Reiser et al., 2003; Tran et al., 2007; Wohlbach et al., 2008). Several
studies could show, that AHK1 indeed is involved in the regulation of osmotic stress adjustment (Urao
et al.,, 1999; Reiser et al.,, 2003; Tran et al., 2007; Wohlbach et al., 2008; Kumar et al., 2013).
Nevertheless there were opposing results whether AHK1 works as positive or negative regulator of
osmoregulation (Tran et al., 2007; Wohlbach et al., 2008; Kumar et al.; 2013).

In this study it could be revealed, that under defined conditions AHKL1 in fact acts as positive regulator
of osmoregulation. It is shown that this is highly influenced by various factors, including variations in
temperature. A consistent phenotype was found in etiolated seedlings for ahk1l knock down mutants in
the Arabidopsis thaliana ecotypes Ws-2 and Nos-0. Col-0 did not show this alteration under normal
growth conditions which might be in part due to the contribution of phyD to hypocotyl elongation in
etiolated seedlings (Aukerman et al., 1997). Still, in etiolated seedlings a physiological function of the
AHK1-BAK1 interaction could be revealed. Furthermore, a trend of an AHK1-dependent altered
response of Arabidopsis thaliana to infection with the necrotophic fungus Alternaria brassicicola could
be observed which confirms this interaction.

The analysis of the phosphoproteome of ahkl1l-3 and the wildtype Ws-2 showed a tremendous
transition from the AHK1-induced His-to-Asp multistep phosphorelay to Ser/Thr/Tyr phosphorylation
cascades after mock as well as after mannitol treatment. Such a transition was also observed in the
analysis of the phosphoproteome of ahk2 ahk3 and the wildtype Col-0 after mock and after kinetin
treatment. Thereby the overlap of the quantified phosphopeptides in the phosphoproteomes of ahk1-
3/Ws-2 and ahk2 ahk3/Col-0 was surprisingly small.

With the analysis of the phosphoproteome of ahk1-3 and Ws-2 proteins were identified which indeed
showed interaction with AHK1 in subsequent protein-interaction assays. Furthermore, the analysis of
the phosphoproteome together with the results of phenotyping experiments led to the establishment of
a putative AHK1-dependent regulatory network which could now be further investigated.

Due to the generation of a homology model for the structure of the extracellular domain of AHK1, the
suggested mechano-sensitive signal perception mechanism is doubted. For further verification it was

achieved to express the extracellular domain of AHK1 to go for ligand fishing and crystallization.

XIX



ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Bisher wurde angenommen, dass die Arabidopsis thaliana Sensor Hybrid Histidine Kinase AHK1 als
moglicher Osmosensor fungiert (Urao et al., 1999; Reiser et al., 2003; Tran et al., 2007; Wohlbach et
al., 2008). Mehrere Studien haben gezeigt, dass AHK1 tatséchlich an der Regulation der Anpassung
der Pflanze an osmotischen Stress beteiligt ist (Urao et al., 1999; Reiser et al., 2003; Tran et al., 2007,
Wohlbach et al., 2008; Kumar et al., 2013). Jedoch wurden unterschiedliche Ergebnisse erzielt in
Hinblick darauf, ob AHK1 als positiver oder negativer Regulator in der Regulation bei osmotischem
Stress beteiligt ist (Tran et al., 2007; Wohlbach et al., 2008; Kumar et al.; 2013).

In dieser Studie konnte gezeigt werden, dass AHK1 unter definierten Bedingungen als positiver
Regulator in der Regulation von osmotischem Stress wirkt. Es wird gezeigt, dass dies stark von
verschiedenen Faktoren wie beispielsweise Unterschiede in der Temperatur beeinflusst wird. Ein
bestandiger, reproduzierbarer Phanotyp wurde fiir etiolierte Keimlinge der ahkl knock down Mutanten
in Arabidopsis thaliana der Okotypen Ws-2 und Nos-0 gefunden. Im Okotyp Col-0 konnte dies nicht im
gleichen Umfang gezeigt werden was teilweise auf dem Fehlen von funktionellem Phytochrom D in
Ws-2 beruhen koénnte, das erwiesenermafllen am Elongationswachstum des Hypokotyls beteiligt ist
(Aukerman et al.,, 1997). AuRBerdem konnte in etiolierten Keimlingen ein physiologischer
Zusammenhang der Interaktion von AHK1 mit BAK1 gezeigt werden. Dieser physiologische
Zusammenhang wurde durch die Tendenz einer AHK1l-abhangigen verédnderten Reaktion von
Arabidopsis thaliana auf die Infektion mit Alternaria brassicicola bekraftigt.

Die Analyse des Phosphoproteoms von ahkl1l-3 und dem Wildtyp Ws-2 zeigte einen massiven
Ubergang vom Histidin-zu-Aspartat Phosphatgruppenrelais zu klassischen Serin/Threonin/Tyrosin
Phosphorylierungskaskaden nachdem die Keimlinge einer Scheinbehandlung und der Behandlung mit
osmotischem Stress, der mit Hilfe von 0.3M Mannitol appliziert wurde, unterzogen wurden. Ein
derartiger massiver Ubergang konnte ebenfalls fiir ahk2 ahk3 und Col-0 nach einer Scheinbehandlung
und der Behandlung mit Kinetin gezeigt werden. Der Uberlapp der quantifizierten phosphorylierten
Peptide war dabei erstaunlich gering.

Durch die Analyse des Phosphoproteoms von ahk1-3 und Ws-2 konnten Proteine identifiziert werden,
die in nachfolgenden Interaktionsstudien Interaktion mit AHK1 zeigten. Dariiber hinaus fiihrte die
Analyse des Phosphoproteoms zusammen mit den Ergebnissen der Phanotypisierung zu der
Erstellung eines putativ  AHK1-abhangigen regulatorischen Netzwerks, das nun weiterfiihrend
untersucht und charakterisiert werden kann.

Auf der Grundlage des Homologiemodells fiir die Struktur der extrazellularen Doméane der AHK1 kann
vermutet werden, dass die Perzeption eines Signals von AHK1 nicht mechanisch ablauft sondern dass
es sich bei dem Signal um einen niedermolekularen Liganden handeln kénnte. Um dies nachzuweisen
wurden erste Ergebnisse in der Expression der extrazellularen Doméne der AHK1 erzielt die in
weiterfihrenden Experimenten der Kristallisierung und dem Fischen nach dem putativen Liganden

dienen soll.

XX



INTRODUCTION

1 INTRODUCTION

Plants are sessile organisms which are continuously exposed to various environmental stimuli to which
they have to adapt to (Suzuki et al., 2016; Pekarova et al., 2016). They evolved several pathways for
signal perception and signal transduction which enable them to sense, process and respond to diverse
external stimuli (Pekarova et al., 2016). These pathways can act independently but cooperation and
cross-talk between them is essential for the integration of various signals and to effect the proper
adaptive responses (Pekarova et al., 2016). Sensing of environmental stimuli in general leads to post-
translational modifications of proteins to transduce the signal to the nucleus to cause a change in
transcription factor (TF) activity to achieve adapted gene expression which in turn leads to an
adjustment to the altered environmental surrounding (Deribe et al., 2010; Appleby et al. 1996;
Pekarova et al.; 2016). There are diverse post-translational modifications which are involved in signal
transduction. For instance sumoylation and ubiquitination of proteins controls their localization and
activity but primarily targets them for proteasomal degradation (Miura et al., 2009; Hua and Vierstra,
2011). Furthermore, phosphorylation of proteins is involved in the regulation of protein activity, protein
localization and protein-protein interactions and thereby plays a central role in signal transduction
pathways (Vu et al., 2016). In proteins serine (Ser), threonine (Thr), tyrosine (Tyr), histidine (His) and
aspartate (Asp) residues can be phosphorylated (Sanders et al., 1989; Appleby et al., 1996; Pekérova
et al., 2016). Ser/Thr/Tyr phosphorylation is connected to classical phosphorylation cascades which
lead to an amplification of the signal (Posas et al., 1996; Droillard et al., 2004). For instance, a typical
phosphorylation cascade occurs with the activation of MITOGEN-ACTIVATED PROTEIN (MAP)
KINASEs (MPKs) in which MAP kinase kinase kinases (MKKKs) phosphorylate and activate MAP
kinase kinases (MKKs) which in turn phosphorylate MPKs (Droillard et al., 2004). Instead, His and Asp
phosphorylation is connected to the His-to-Asp phosphorelay in the multistep phosphorelay (MSP)
system which does not lead to a signal amplification which is due to the transfer of one phosphate
(Posas et al, 1996). Ser, Thr and Tyr phosphorylation is more stable than His and Asp
phosphorylation and a direct transfer of the phosphate group from His and Asp to Ser, Thr or Tyr or the
way around is biochemically not possible (Sanders et al., 1989).

In the beginning of the 20t century it has been proven that growth in plants is under control of special
growth substances or hormones and that they work at “concentrations of almost unbelievable lowness”
in the range of nanomolar concentrations (Paél, 1918; Thimann, 1938). Hormones have been defined
as chemical messengers which are produced in one cell but modulate the cellular processes in another
cell (Taiz and Zeiger, 2010). This is linked to signal perception by receptors and signal transduction
which leads to the adaption of cellular processes and which also includes phosphorelay systems as
well as phosphorylation cascades (Taiz and Zeiger, 2010; Wang et al., 2012b; Pekéarova et al.; 2016).
So far, ten types of plantal hormones have been identified to regulate growth, development and stress
responses: Auxins, cytokinins, gibberellic acids (GAs), ethylene, abscissic acid (ABA), brassinosteroids

(BRs), jasmonates (JAs), salicylic acid (SA), strigolactones (SLs) and small polypeptides (Taiz and
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Zeiger, 2010). Furthermore, second messengers like for instance Ca?*, cyclic nucleotides or reactive
oxygen species (ROS) are involved in integrating the different pathways (Dodd et al., 2010; Newton et
al., 1999; Neill et al., 2002). Cytokinins and ethylene are perceived by sensor hybrid histidine kinases
and for cytokinins the signal is primarily transduced by a MSP (Kieber and Schaller, 2014; Merchante
et al.,, 2013). Ethylene, BRs and small polypeptides like the rapid alkalinization factor (RALF) have
been shown to activate receptor kinases which transduce the signal by activating phosphorylation
cascades (Wang et al., 2012b; Merchante et al. 2013; Haruta et al., 2014). In contrast, one group of
the ABA receptors inactivates protein phosphatase 2C (PP2C) family proteins like ABA INSENSITIVE
1 (ABI1) and ABI2 upon ABA binding (Umezawa et al., 2009; Park et al., 2009; Golldack et al., 2014).
This in turn leads again to the activation of kinases like SUCROSE NONFERMENTING 1-RELATED
PROTEIN KINASEs 2 (SnRK2s) and thereby to phosphorylation cascades (Vlad et al., 2009). Auxins,
GAs, JA, SA and SLs are bound by receptors which are part of E3 ligases and which target
transcriptional repressors of gene expression like auxin/indole-3-acetic acid (AUX/IAA) and DELLA
proteins for degradation upon hormone binding (Tan et al., 2007; Park et al., 2013; Fu et al., 2012;
Seto and Yamaguchi, 2014; Smith and Li, 2014).

1.1 The ubiquitin-26S proteasome system and E3 ligases

The ubiquitin-26S proteasome system starts with adenosine triphosphate (ATP) dependent activation
of ubiquitin by the ubiquitin-activating enzyme (E1) (Hu and Vierstra, 2011). Then, the activated
ubiquitin is transferred to the ubiquitin-conjugating enzyme (E2) which in turn interacts with the
ubiquitin ligase (E3 ligase) which ubiquitinates the specific target protein (Hu and Vierstra, 2011). The
specificity of ubiquitination is achieved by the E3 ligases as it is suggested that more than 1500
different E3 ligases occur in Arabidopsis thaliana (Gagne et al., 2002; Lee et al., 2008; Mudgil et al.,
2004, Stone et al., 2005; Hua and Vierstra, 2011). One important group of E3 ligases are the CULLIN-
RING ligases (CRLs) (Stone et al., 2005; Hua and Vierstra, 2011). They share a common backbone
including the CULLIN (CUL) scaffold protein, the REALLY INTERESTING NEW GENE DOMAIN
(RING)-containing protein RING-BOX 1 (RBX1) and a substrate recognition subunit (Petroski et al.,
2005; Bosu et al., 2008; Hua and Vierstra, 2011). According to the nature of their substrate and their
associated CUL five major types can be distinguished for the CRLs whereas just three of them have
been identified in plants (Petroski et al., 2005; Bosu et al., 2008; Hua and Vierstra, 2011). These are
SCF CRLs, BTB CRLs and DWD CRLs (Hua and Vierstra, 2011). SCF CRLs are named according to
their subunits S-PHASE KINASE-ASSOCIATED PROTEIN 1 (SKP1), CUL1 and an F-box protein
which works as substrate recognition subunit (Gagne et al., 2002; Hua and Vierstra, 2011; Yu et al.,
2015). BTB CRLs comprise  CULS3, RBX1 and members of the BROAD
COMPLEX/TRAMRACK/BRICK-A-BRACK (BTB) family (Gingerich et al., 2005). DWD CRLs are
composed of CUL4, RBX1 and substrate recognition subunit consisting of DAMAGED DNA BINDING
1 (DDB1) and a set of DDB1-BINDING/WD-40 DOMAIN CONTAINING (DWD) proteins which for
instance comprises CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) which is involved in light
signaling (Hua and Vierstra, 2011; Huang et al., 2014)
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1.2 The multistep phosphorelay (MSP) system

The MSP system appears to have evolved from the bacterial two-component signaling (TCS) system
(Pekarova et al., 2016). The bacterial TCS system comprises two conserved proteins: the histidine
kinase which perceives a certain signal and the response regulator (Appleby et al., 1996; Pekarova et
al., 2016). Upon signal perception the histidine kinase is activated and autophosphorylation occurs at a
conserved His residue in the histidine kinase domain (West and Stock, 2001; Skerker et al., 2008;
Pekarova et al., 2016). Subsequently the phosphate group is transferred to a conserved Asp residue in
the receiver domain of the response regulator (West ad Stock, 2001; Skerker et a., 2008; Pekarova et
al., 2016). Thereby, the response regulator is activated and mediates the final response by interaction
with gene or protein targets (Casino et al., 2009; Pekarova et al., 2016). Dephosphorylation of the
response regulator in turn leads to its inactivation and attenuation of TCS (Casino et al., 2009;
Pekéarova et al., 2016).

ARR

figure 1.1:  The multistep phosphorelay system

Sensor hybrid histidine kinases which comprise transmembrane domains (TMs), a histidine kinase domain
(HK) with a conserved histidine residue (white H) and a receiver domain with a conserved aspartate
residue (white D) are mainly localized to membranes. Upon signal perception in the exracytosolic domain
autophosphorylation occurs at the cytoplasmic histidine kinase domain. The phosphate group (white P) is
subsequently intramolecularly transferred to the conserved aspartate in the receiver domain, then
transferred to the conserved histidine residue of the AHP and subsequently to the conserved aspartate
residue in the response regulator which leads to its activation and mediation of gene expression.

The MSP system in Arabidopsis thaliana comprises three components (fig. 1.1): The sensor hybrid
histidine kinase (AHK) which comprises the histidine kinase domain with the conserved His residue
and a receiver domain with a conserved Asp residue, the phosphotransfer protein (AHP) with a
conserved His residue and the response regulator (ARR) with a conserved Asp residue (Stock et al.,
2000; West and Stock, 2001; Lohrmann and Harter, 2002; Oka et al., 2002; Horak et al. 2011). Upon
signal perception, autophosphorylation of the conserved His residue of the AHK takes place (Miwa et
al., 2007; Hothorn et al., 2011b). Subsequently the phosphate group is intramolecularly transferred
from the His residue in the kinase domain to the Asp residue in the receiver domain and from there to
the His residue of the AHP (Gruhn et al., 2014; Lohrmann and Harter, 2002; Oka et al., 2002). AHPs
shuttle continuously between the cytoplasm and the nucleus (Gruhn et al., 2014; Punwani et al., 2010).
From the AHP the phosphate group is transferred to the conserved Asp residue in the receiver domain
of the ARR (Lohrmann and Harter, 2002; Oka et al., 2002). The activated ARR mediates the final
response by interaction with gene or protein targets (Lohrmann and Harter, 2002; Oka et al., 2002;
Pekéarova et al., 2016).

In Arabidopsis thaliana there are eleven AHKs which can be divided into different groups: the five

ethylene receptors, the three cytokinin receptors and the AHKs whose signal has so far not yet been
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identified although AHKS5 is assumed to be a redoxsensor and AHK1 to be an osmosensor (Kumar et
al.,, 2013; Pekarova et al., 2016). CYTOKININ INSENSITIVE 1 (CKI1) was at first assumed to be
involved in cytokinin signaling as well until it was shown that CKI1 does not bind cytokinin due to a
missing cytokinin-binding domain (Yamada et al. 2001; Pekéarova et al., 2016). Furthermore, there are
five Arabidopsis thaliana phosphotransfer proteins (AHPs) and one pseudo-AHP, AHP6, which act
partially redundant as positive regulators in cytokinin signaling (Kumar et al., 2013; Hutchison et al.
2006). For the mediation of the final response, there are 23 Arabidopsis thaliana response regulators
(ARRs) (Mdiller and Sheen, 2007). The ARRs can be further divided into three subgroups: Type-A
ARRs, type-B ARRs and type-C ARRs (Mason et al., 2004; Muller and Sheen, 2007; Schaller et al.,
2007; To and Kieber, 2008).

Type-A ARRs comprise ARR3, ARR4, ARR5, ARR6, ARR7, ARR8, ARR9, ARR15, ARR16 and
ARR17 (Muller and Sheen, 2007). They consist of the receiver (REC) domain with the conserved Asp
residue which is involved in the phosphorelay and a short carboxy terminal domain (To and Kieber,
2008). The carboxy terminal domain is involved in mediating interactions with proteins to regulate their
activity (D’Agostino et al., 2000). Type-A ARRs localize in the nucleus as well as in the cytoplasm and
act partially redundant (Sweere et al., 2001; Dortay et al., 2008) The expression of type-A ARRS is
fastly upregulated after application of cytokinin in a type-B ARR-dependent manner which enables the
negative feedback regulation of the cytokinin signaling pathway (Caesar, 2010; D’Agostino et al. 2000;
Pekarova et al., 2016).

Type-B ARRs comprise ARR1, ARR2, ARR10, ARR11, ARR12, ARR13, ARR14, ARR18, ARR19,
ARR20 and ARR21, act as nuclear localized transcription factors and consist of the REC domain, a
Myb-like DNA binding domain, the GARP domain and a transactivation domain (Mason et al., 2004;
Imamura et al.,, 1999; Riechmann et al., 2000; Grefen and Harter, 2004; Lohrmann et al., 2001;
Hosoda et al., 2002; Muller and Sheen, 2007; Argyros et al. 2008). Like type-A ARRs also type-B
ARRs can act partially redundant (Sakai et al., 2001).

Type-C ARRs comprise ARR22 and ARR24 (Kiba et al., 2004). They miss an output domain but at

least ARR22 has been shown to interact with components of the MSP system (Horak et al., 2008).

1.3 Cytokinins

Cytokinins are NS-substituted adenine derivatives and they play major roles in apical dominance,
lateral root, vascular and gametophyte development, leaf senescence, phyllotaxis, sink/source
relationships, nutrient uptake as well as cell cycle control, circadian rhythm and plant defense (Kieber
and Schaller, 2014). They bind to the CHASE (extracytosolic cyclases/hisidine kinases associated
sensor extracellular)-domain of AHK2, AHK3 and AHK4 which are localized in the membrane of the
endoplasmic reticulum (ER) (Anantharaman, 2001; Heyl et al., 2007; Caesar et al., 2011b; Wulfetange
et al., 2011; Kieber and Schaller, 2014). After cytokinin perception autophosphorylation of the AHKs
occurs and a MSP transports the signal to the nucleus to adjust gene expression (Kieber and Schaller,
2014; Pekéarova et al., 2016).
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1.4 Brassinosteroids

Brassinosteroids regulate numerous processes like seed germination, stomata development, vascular
differentiation, plant architecture, flowering, male fertility, senescence, photomorphogenesis and innate
immunity (Wang et al., 2012b). Furthermore they have major effects on cell expansion (Mandava,
1988). Extensive studies of the brassinosteroid signaling pathway revealed major components and
assembled them into a signal transduction pathway (Wang et al., 2012b). Brassinosteroids (BR) bind
to the leucine-rich repeat receptor kinase (LRR-RK) BRASSINOSTEROID-INSENSITIVE 1 (BRI1)
which activates BRI1 kinase activity (Wang et al., 2012b; Li and Chory, 1997; Kinoshita et al., 2005;
Hothorn et al., 2011a; She et al., 2011; Wang et al., 2001). Upon activation of kinase activity, BRI1
dissociates from BRI1 KINASE INHIBITOR 1 (BIK1) and associates with the coreceptor kinase BRI1-
ASSOCIATED RECEPTOR KINASE 1 (BAK1) (Jaillais et al., 2011; Wang and Chory, 2006; Wang et
al., 2008; Li et al., 2002b; Nam et al., 2002). BAK1 interacts not exclusively with BRI1 but with several
plasma membrane-localized receptor kinases including the LRR-RK FLAGELLIN-SENSITIVE 2 (FLS2)
which perceives the pathogen associated molecular pattern (PAMP) flagellin22 (flg22) and therefore
plays an eminent role not just in BR signaling but also in plant innate immunity and other signal
transduction pathways (Sun et al. 2013; Wang et al., 2014a; Ladwig et al., 2015). Association of BR-
activated BRI1 with BAKL1 leads to sequential transphosphorylation of BRI1 and BAK1 (Wang et al.,
2008). Furthermore, activated BRI1 phosphorylates BR-SIGNALING KINASE (BSKs) and
CONSTITUTIVE DIFFERENTIAL GROWTH 1 (CDG1) families of kinases (Wang et al., 2012b; Tang et
al.,, 2008; Kim et al., 2011). BSKs and CDG1 interact and activate the Ser/Thr protein phosphatase
BRI1-SUPPRESSOR 1 (BSU1) which in turn dephosphorylates and inactivates the glycogen synthase
kinase 3 (GSK3)-like kinase BRASSINOSTEROID-INSENSITIVE 2 (BIN2) (Wang et al., 2012b; Kim et
al., 2009; Kim et al., 2011; Lau and Deng, 2012; Li et al., 2002a). The phosphorylated and active
kinase BIN2 phosphorylates the two homologous transcription factors BRASSINAZOLE-RESISTANT 1
(BZR1) and BRI1-EMS-SUPPRESSOR 1 (BES1) which is also named BZR2 (He et al., 2002; Wang et
al, 2002; Yin et al. 2002). The phosphorylation of BZR1 and BES1 leads to their inactivation of
transcriptional regulation through cytoplasmic retention with the help of 14-3-3 proteins as well as
through their targeting for degradation by an E3-ligase (He et al., 2002; Wang et al., 2002; Yin et al.,
2002; Gampala et al., 2007). In addition to BIN2, BZR1 can be phosphorylated by MPK4 and BES1 by
MPK®6 (Asai et al., 2002; Wang et al., 2013; Kang et al., 2015b). Upon cytoplasmic retention BZR1 and
BES1 can be dephosphorylated by a cytoplasmic protein phosphatase 2A (PP2A) and be relocated to
the nucleus (Tang et al., 2011; Farkas et al.2007). BZR1 and BES1 act as TFs in cooperation with
other TFs like the basic helix-loop-helix (bHLH) TFs PHYTOCHROME INTERACTING FACTORS
(PIFs) or with Groucho/TUP1-like transcriptional corepressors like TOPLESS (TPL) and TOPLESS-
RELATED (TPR) proteins (Gampala et al., 2007; Causier et al., 2012; Oh et al., 2012; Oh et al., 2014).
The interaction of BZR1 and TPL for instance leads to the repression of the GATA family TF GATA4
and the B-box zinc finger family protein BZS1 which act as positive regulators on photomorphogenesis
whereas the interaction of BES1 with TPL represses ABI3 expression (Luo et al., 2010; Fan et al.,
2012; Oh et al., 2014; Ryu et al., 2014). Beside phosphorylation of BSU1, CDG1 also phosphorylates
the phosphatases BRI1 SUPRESSOR 1-LIKE 1 (BSL1), BSL2 and BSL3 (Kim et al., 2011). BSL2 in
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turn dephosphorylates the kinase BSK8 which then exhibits kinase activity towards the SUCROSE
PHOSPHATE SYNTHASE 1F (SPS1F) (Wu et al.,, 2014). The phosphorylation of SPS1F can be
removed by the PP2C family protein ABSCISSIC ACID INSENSITIVE 1 (ABI1) which provides a link to
abscissic acid signaling (Nishimura et al., 2010).

Furthermore, the abundance of BR leads, like light-activated phyA, to the inhibition of the expression of
the NO APICAL MERISTEM domain transcriptional regulator superfamily protein ATAF2 (Peng et al.,
2015). ATAF2 inhibits the expression of NITRILASE 2 (NIT2) which is involved in auxin biosynthesis
and of cytochrome P450 superfamily proteins PHYTOCHROME B ACTIVATION TAGGED
SUPPRESSOR 1 (BAS1) and SUPPRESSOR OF PHYB-4 7 (SOB7Y) which are involved in the
degradation of BR (Huh et al., 2012; Bartling et al., 1992; Bartling et al. 1994; Turk et al., 2005; Peng
et al., 2015). The signaling of BRs provides cross-talk with at least IAA-, ABA-, GA- and light-signaling.

1.5 Auxins

Auxins play a critical role in apical dominance, the differentiation of the vascular tissue, lateral root
development and tropic responses to abiotic stimuli as well as cell extension, cell division and cell
differentiation (Li et al., 2016b; Guilfoyle and Hagen, 2007; Mockaitis and Estelle, 2008; Su et al.,
2014; Went and Thimann, 1937). It is assumed that auxin signaling occurs due to acting as “molecular
glue” that promotes the interaction between the auxin receptor TRANSPORT INHIBITOR RESPONSE
1 (TIR1) and auxin/indole-3-acetic acid (AUX/IAA) proteins (Tan et al., 2007; Ruegger et al., 1998).
TIR1 is a F-box component and thereby the substrate recognition subunit of the SCF complex which is
a SCF CRL E3 ligase (Ruegger et al., 1998; Smalle and Vierstra, 2004; Hua and Vierstra, 2011; Yu et
al., 2015). Therefore binding of auxin to TIR1 leads to the recruitment of AUX/IAA proteins to the SCF
complex and to their targeting for degradation (Ruegger et al., 1998; Dharmasiri et al. 2005; Kepinski
and Leyser, 2005; Tan et al., 2007). AUX/IAA proteins have been shown to act as transcriptional
repressors by interacting with and thereby inhibiting the transcription activating function of AUXIN
RESPONSE FACTORs (ARFs) (Tiwari et al., 2001; Hagen and Guilfoyle, 2002; Hellmann and Estelle,
2002, Tiwari et al., 2003; Tatemasu et al., 2004). In Arabidopsis thaliana there are 29 AUX/IAA genes
and 22 ARF genes (Liscum and Reed, 2002; Guilfoyle and Hagen, 2007). Most AUX/IAA proteins
comprise four conserved domains: Domain | which is an amino terminal repression domain, domain |
which comprises a recognition sequence for the SCF complex and thereby acts as regulatory domain
of protein stability, domain Il and domain IV which both contribute to protein interactions with other
AUX/IAA proteins and ARFs (Tatemasu et al., 2004; Korasick et al.,, 2014). ARFs reveal three
conserved domains: an amino terminal B3-type DNA-binding domain which is important for the
regulation of gene expression and two carboxy terminal domains which share homology with domain Ill
and domain IV of AUX/IAA proteins and therefore confer protein-interaction with AUX/IAAs and other
ARFs (Tiwari et al., 2003; Tatemasu et al., 2004; Korasick et al., 2014).

One of the largest family of auxin-induced genes is the family of SMALL AUXIN UP-RNA (SAUR)
genes which comprises 79 members in Arabidopsis thaliana (Hagen and Guilfoyle, 2002; Spartz et al.,
2014). Thereby, the SAUR19 and SAURG63 subfamilies have been suggested to work as positive
effectors of cell expansion (Franklin et al., 2011; Chae et al., 2012, Spartz et al., 2012; Spartz et al.,
2014). For SAUR19 it has been shown, that it interacts with and inhibits the activity of the subfamily D
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of PP2C family proteins which in turn regulate the activity of plasma membrane localized H*-ATPases
(AHAS) (Spartz et al., 2014). AHA-activity is regulated by diverse signaling pathways which all result in
differential phosphorylation of the regulatory carboxy terminus of AHAs especially of the penultimate
Thr-residue (Kinoshita and Shimazaki, 1999; Kinoshita and Shimazaki, 2002; Hayashi et al., 2010;
Wang et al, 2014). Phosphorylation of the regulatory carboxy terminus leads to the association with 14-
3-3 proteins which are involved in the regulation of AHA activity as well (Fuglsang et al., 1999). AHAs
work as proton pumps and are therefore involved in the regulation of apoplastic pH which plays major
roles in the acid growth theory (Rayle and Cleland, 1992; Kinoshita and Shimazaki, 1999; Hager,
2003).

1.6 Abscissic acid

Abscissic acid (ABA) is involved in the regulation of various aspects of plant growth and development
including embryo maturation, seed dormancy, seed germination, cell division and elongation, floral
induction, nutrient signaling, turgor maintenance, stomatal regulation, senescence and responses to
environmental stresses like osmotic stress, pathogen attack and UV radiation (Finkelstein, 2013). To
date, three classes of ABA receptors have been identified (Finkelstein, 2013). First, there are the
membrane localized ABA-binding G PROTEIN-COUPLED RECEPTOR-TYPE G PROTEIN 1 (GTG1)
and GTG2 which are assumed to contribute to fertility, hypocotyl and root growth and responses to
light and sugars although gtgl gtg2 knock down mutants respond normally in classic ABA responses
(Pandey et al., 2009; Jaffé et al., 2012; Finkelstein, 2013; Golldack et al., 2014). Second, there is
evidence for ABA perception by the chloroplast-localized H subunit of Mg?*-chelatase which is involved
in plastid-to-nucleus retrograde signaling and mediates ABA signaling as a positive regulator in seed
germination, post-germination growth and stomatal movement (Shen et al., 2006; Finkelstein, 2013;
Golldack et al., 2014). The to date best characterized ABA receptors are the nucleocytoplasmic
receptors PYRABACTIN RESISTANCE / PYRABACTIN RESISTANCE-LIKE / REGULATORY
COMPONENT OF ABA RECEPTORS (PYR/PYL/RCARSs) which inhibit protein phosphatase 2C
(PP2C) family proteins like ABA INSENSITIVE 1 (ABI1) and ABI2 upon ABA binding (Ma et al., 2009;
Park et al., 2009; Finkelstein, 2013; Golldack et al., 2014). Additional members of this clade of PP2Cs
have been shown to contribute to ABA and stress signaling and their knock down mutants either reveal
a hypersensitive phenotype to ABA or no phenotype which is then due to redundancy (Kuhn et al.,
2006; Nishimura et al., 2007; Finkelstein, 2013). Inactivation of these PP2Cs leads to the accumulation
of active SnRK2s which regulate ABA-responsive transcription factors including ABA-responsive
promoter element binding factors by phosphorylation (Ma et al., 2009; Park et al., 2009; Umezawa et
al., 2009; Vlad et al., 2009; Golldack et al., 2014). The phosphorylation of these transcription factors
leads to the activation of ABA-responsive genes and therefore to the activation of ABA-responsive
physiological processes (Umezawa et al., 2009; Vlad et al., 2009; Golldack et al., 2014). Important
transcription factors in this pathway comprise ABSCISSIC ACID INSENSITIVE 3 (ABI3), ABI4 and
ABI5 (Koornneef et al., 1984). ABI3 belongs to the B3 transcription factor family, ABI4 to the
APETALA2 (AP2) family and ABI5 to the basic leucine zipper (bZIP) family (Giraudat et al., 1992;
Finkelstein, 1994; Finkelstein et al., 1998).
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ABI3, ABI4 and ABI5 can be phosphorylated by SnRK2s as well as by BIN2 which provides a link to
BR signaling (Lynch et al., 2012; Yuan et al., 2013; Hu and Yu, 2014). This phosphorylation can be
removed by PHYTOCHROME-ASSOCIATED PROTEIN PHOSPHATASE 1 (FyPP1) and FyPP3 which
are known to also dephosphorylate and thereby regulate the auxin efflux carriers PIN-FORMED 1
(PIN1), PIN3 and PIN4 and thereby provide a link to light and auxin signaling (Dai et al., 2012; Dai et
al., 2013; Yuan et al., 2013). Furthermore, type-A ARRs interact with ABI3, ABI4 and ABI5 at least by
the regulation of their expression and thereby provide a link between MSP, cytokinin and ABA
signaling (Wang et al., 2011a). Further cross-talk is achieved by the dependence of ABA signaling on

second messengers (Finkelstein, 2013).

1.7 Gibberellic acids

Gibberellic acids (GAs) belong to a large family of tetracyclic diterpenoids and are plant hormones
which regulate various transition processes like seed germination and flowering (Sun and Gubler,
2004; Park et al., 2013; Xu et al., 2014b). Furthermore they are involved in stem and hypocotyl
elongation, leaf expansion and responses to environmental stresses (Gao et al.,, 2011; Park et al.,
2013; Xu et al., 2014b). GA binding to the soluble receptor GA-INSENSITIVE DWARF 1 (GID1) binds
leads to GID1 association with the amino terminus of the GRAS (GA INSENSITIVE; REPRESSOR OF
gal-3; SCARECROW) subgroup of DELLA proteins (Murase et al., 2008; Shimada et al., 2008;
Golldack et al., 2014). This enables the interaction of DELLAs with the SCF E3 ligase which targets the
DELLA protein for 26S proteasomal degradation (McGinnis et al., 2003; Sasaki et al.; 2003). The
destabilization of DELLA proteins leads to the release of TFs like PIFs, BZR1 and the AUXIN
RESPONSE FACTOR 6 (ARF6) (Choi and Oh, 2016; de Lucas et al., 2008; Feng et al.; 2008; Bai et
al., 2012b; Oh et al., 2014). DELLA proteins have been shown to integrate diverse signaling pathways
including IAA-, BR-, JA-, ethylene- and light- as well as temperature- and osmotic stress signaling (Xu
et al., 2014b).

1.8 Ethylene

The gaseous hormone ethylene is involved in the regulation of germination, fruit ripening, senescence
and stress responses (Bleecker and Kende, 2000; Liu et al., 2010; Merchante et al., 2013; Pekarova et
al.,, 2016). Ethylene is perceived by ETHYLENE RESPONSE 1 (ETR1), ETR2, ETHYLENE
RESPONSE SENOR 1 (ERS1), ERS2 and ETHYLENE INSENSITIVE 4 (EIN4) which are similar to the
histidine kinase proteins (Bleecker et al., 1988; Chang et al. 1993; Hua et al.; 1998; Sakai et al., 1998;
Liu et al., 2010). Thereby, ETR1 and ERS1 comprise a histidine kinase domain with the signature
motifs essential for histidine kinase activity whereas in ETR2, ERS2 and EIN4 some consensus amino
acid residues which are essential for histidine kinase activity are lacking (Liu et al., 2010).Upon
ethylene perception the Raf-like Ser/Thr kinase CONSTITUTIVE TRIPLE RESPONSE (CTR1) is
inactivated which leads to the phosphorylation of EIN2. By an unknown mechanism the carboxy
terminus of EIN2 is cleaved off and translocated to the nucleus where it induces the degradation of
EIN3-BINDING F-BOX PROTEIN 1 and EBF2 but stabilizes EIN3 and ETHYLENE-INSENSITIVE 3-
LIKE 1 which activate ethylene target genes (Ju et al., 2012; Ji and Guo, 2013; Solano et al. 1998;
Merchante et al., 2013).
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1.9 Jasmonates

Jasmonates (JAs) are lipid-derived compounds and involved in the response to herbivory, mycorrhiza
and the regulation of plant immunity as well as in the regulation of seed germination, seedling
development, root growth, flower and seed development, tuber formation and senescence
(Wasternack, 2007; Wasternack and Hause, 2013). They are perceived by negative regulators of JA-
induced gene expression, the JASMONATE-ZIM DOMAIN proteins which are upon JA binding
targeted for degradation by the SCF E3 ligase with CORONATIVE INSENSITIVE 1 as substrate
recognition subunit for the SCF complex (Chini et al., 2007; Thines et al., 2007; Yan et al., 2007; Xie et
al., 1998; Wasternack and Hause, 2013; Hua and Vierstra, 2011).

1.10 Salicylic acid

Salicylic acid (SA) is a phenolic compound which has been shown to activate plant defense responses
especially systemic acquired resistance (SAR) as well as to play a role in plant responses to abiotic
stresses like drought, chilling, heat, osmotic stress and heavy metal toxicity (Rivas-San Vicente and
Plasencia, 2011; Kumar, 2014). SA binds to its receptors NPR1-like protein 3 (NPR3) and NPR4 which
are CUL3 E3 ligase substrate recognition subunits for NONEXPRESSOR OF PATHOGENESIS-
RELATED GENES 1 (NPR1) degradation (Fu et al., 2012). This leads to SA mediated signal
transduction (Fu et al., 2012; Kumar, 2014).

1.11 Strigolactones

Strigolactones (SLs) have been shown to regulate root and shoot development and can promote
symbiotic relationships with mycorrhizal fungi and nitrogen-fixing bacteria (Smith and Li, 2014). It is
assumed that SL perception and signal transduction occurs similar to GAs, JAs and auxins which
depends on recognition of SL by a substrate recognition subunit of the SCF CRL E3 ligase and which
targets proteins for degradation (Seto and Yamaguchi, 2014; Ishikawa et al., 2005; Stirnberg et al.
2002; Johnson et al., 2006). Evidence has been provided for cross-talk of SL-signaling with GA- and
BR-signaling (Smith and Li, 2014).

1.12 Light signaling

The abiotic factor light highly influences plant growth and development as light provides energy for
carbon fixation through photosynthesis as well as information for the adaption to the different aspects
of light like light intensity and light quality which comprises the spectral composition and spatiotemporal
patterns (Menon et al., 2016). For the sensing of and for the adaption to these aspects of light, plants
have several classes of photoreceptors which have specific as well as overlapping functions (Menon et
al., 2016). The acclimation of plants to UV-B light is mediated by the UV-B light receptor UVB-
RESISTANCE 8 (Favory et al., 2009; Menon et al., 2016). Blue light is perceived by PHOTOTROPIN 1
(PHOT1) and PHOT2, by photoreceptors of the ZEITLUPE (ZTL)-family as well as by
CRYPTOCHROME 1 (CRY1) and CRY2 (Chaves et al., 2011, Ito et al., 2012; Christie et al., 2015;
Fankhauser and Christie, 2015; Menon et al. 2016). Phototropins play major roles in the regulation of
light responses which are important to optimize photosynthesis which includes phototropism,

chloroplast and stomatal movement (Chen et al., 2004; Menon et al., 2016). They sense light with their
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amino terminal photosensory domain in which a flavin mononucleotide (FMN) molecule is bound to the
LIGHT, OXYGEN, VOLTAGE (LOV) domain which allows light sensing and which is structurally closely
related to Per-Arnt-Sim (PAS) domains (Briggs and Christie, 2002; Chen et al., 2004). Furthermore,
phototropins comprise a carboxy terminal Ser/Thr protein kinase domain which leads to light-regulated
autophosphorylation as initial step of phototropin dependent signaling (Briggs and Christie, 2002; Chen
et al., 2004). Upon phosphorylation, phototropins are bound by 14-3-3 proteins (Kinoshita et al., 2003;
Chen et al., 2004). Like phototropins, ZTL, LOV KELCH REPEAT PROTEIN 2 and FLAVIN-BINDING
KELCH REPEAT F-BOX 1 comprise a LOV-domain which binds a FMN molecule for light perception
with the difference of a very slow dark-reversion rate compared to the phototropins (Christie et al.,
2015; Chen et al. 2004). Photoreceptors of the ZTL-family are involved in maintenance of circadian
clock function and photoperiod-dependent induction of flowering (Imaizumi et al., 2003; Yanovsky and
Kay, 2003; Chen et al., 2004). Beside blue light, CRY1 and CRY2 are known to perceive UV-A light
(Lin, 2002; Liscum et al., 2003; Chen et al., 2004). They are involved in the regulation of inhibition of
hypocotyl growth, promotion of leaf expansion as well as in chlorophyll and anthocyanin synthesis
during seedling de-etiolation (Lin, 2002; Liscum et al., 2003; Chen et al., 2004). Furthermore they
contribute to photoperiod-dependent induction of flowering and to resetting of the circadian oscillator
(Yanovsky and Kay, 2003; Cashmore, 2003; Chen et al. 2004). Photosensing by CRY1 and CRY2
works through the amino terminal photolyase homology region which noncovalently binds a catalytic
flavin adenine dinucleotide (FAD) and a pterin or deazaflavin as light-harvesting chromophore (Lin et
al., 1995; Sancar, 2003; Chen et al. 2004). Cryptochromes act in coordination with the red light
sensing phytochromes (Chen et al.,, 2004). In Arabidopsis thaliana there are five members of
phytochromes: The light-labile phytochrome A (phyA) and phyB, phyC, phyD and phyE which are more
or less stable in light and darkness (Chen et al., 2004; Menon et al., 2016). They are composed of the
amino terminal photosensory domain with a covalently attached phytochromobilin and a carboxy
terminal domain which comprises two PAS-domains and a histidine kinase-related domain (Qualil,
1997; Yeh and Lagarias, 1998; Bolle et al. 2000; Kohchi et al.; 2001; Chen et al., 2004). Still, higher
plant phytochromes are Ser/Thr kinases (Yeh and Lagarias, 1998; Fankhauser, 2000; Chen et al.,
2004). Phytochromes are synthesized in the inactive red-light absorbing Pr-form (Phee et al., 2008).
Upon red-light absorption the Pr-form is converted to the active and far red-light absorbing Pfr-form
(Chen et al., 2004). The Pfr-form can be re-converted to the Pr-form either by the absorption of far red
light or thermally which is then called dark reversion (Kendrick and Kronenberg, 1994; Chen et al.,
2004). In the dark, phytochromes accumulate in the cytoplasm but upon light perception they are
translocated to the nucleus where they interact with and thereby regulate diverse transcription factors
like PIFs, ELONGATED HYPOCOTYL 5 (HY5) or FAR-RED ELONGATED HYPOCOTYL 3 (FHY3)
(Kircher et al., 2002; Chen et al., 2004; Hardtke et al., 2000; Rolauffs et al., 2012; Menon et al., 2016).
Phytochromes are together with cryptochromes involved in seedling development and floral induction
but solely control seed germination and shade-avoidance response (Casal and Sanchez, 1998; Neff et
al., 2000; Chen et al., 2004).

The absence of light, especially after germination when the seed might be buried in soil effects a

developmental strategy called skotomorphogenesis or etiolated growth (Leivar et al., 2008). The
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etiolated growth is characterized by hypocotyl elongation, a closed apical hook and the absence of
chlorophyll accumulation (Leivar et al.,, 2008). Upon light perception, the transition from
skotomorphogenic to photomorphogenic growth occurs (Leivar et al., 2008). This transition is called
de-etiolation and comprises the inhibition of hypocotyl elongation, unfolding of the apical hook,

separation and expansion of the cotyledons and chlorophyll accumulation (Leivar et al., 2008).

1.13 Temperature-induced hypocotyl elongation

Warmth induces hypocotyl elongation in light-grown seedlings (Gray et al., 1998; Stavang et al., 2009;
Oh et al., 2012; Delker et al., 2014). The increase of the temperature leads to a decreased level of the
transcription factor HY5 indicating an increased targeting of HY5 to degradation by the DET1-COP1-
HY5 pathway (Delker et al., 2014). This in turn leads to an increase of PIF4 protein levels as HY5
negatively regulates PIF4 transcription (Delker et al., 2014). PIF4 mediates the expression of YUC
genes, which are necessary for auxin biosynthesis and, together with BZR1, activates the transcription
of auxin responsive genes like SAUR19 to SAUR24 and IAA19 and IAA29 which results in auxin
response and therefore in elongation growth although in light, PIF4 is phosphorylated by active
phytochromes in the Pfr-from and thereby inhibited to bind to target promoters and targeted for
degradation (Shen et al., 2005; Cheng et al., 2006; Oh et al., 2006; Al-Sady et al., 2006; Stepanova et
al., 2011; Won et al., 2011; Oh et al., 2012; Park et al., 2012; Delker et al., 2014).

1.14 Acid growth theory, cell walls and growth

The turgor-driven cell expansion requires a balance between cell wall relaxation and cell wall stiffening
(Wolf et al., 2012). Wall hydration, turgor-driven wall extension followed by the cross-linking of newly
synthesized cell-wall components are thereby the major steps of turgor-driven cell expansion (Wolf et
al., 2012). Corresponding to the acid growth theory wall hydration is in part mediated by the IAA- and
BR-induced activation of AHAs which cause the hyperpolarization of the plasma membrane and the
acidification of the apoplast (Rayle and Cleland, 1992; Caesar et al., 2011a; Wolf et al., 2012). The
acidification of the apoplast leads to cell-wall loosening in part through the activation of cell-wall-
loosening enzymes like expansins which have an acidic pH optimum (Lee et al., 2001; Yennawar et
al., 2006; Thompson, 2008; Wolf et al., 2012). Increased wall-hydration and the activity of wall-
loosening enzymes promote the extensibility of the cell-wall (Evered et al., 2007; Wolf et al., 2012).
Dependent on the orientation of the cellulose microfibrils upon wall-loosening increased spacing
between cellulose microfibrils occurs through turgor-driven cell expansion (LIoyd and Chan, 2008; Wolf
et al.,, 2012). Therefore the orientation of the cellulose microfibrils determines the direction of cell
expansion which is the reason why reorientation of cellulose microfibrils can occur (Steen and
Chadwick, 1981; Bashline et al., 2014). This can be induced by ethylene which also influences the
orientation of cortical microtubules (Steen and Chadwick, 1981). Cortical microtubules play a key role
in the organization of the cellulose deposition as they control the insertion, trajectory and velocity of the
cellulose synthesizing cellulose synthase complexes (Crowell et al., 2009; Gutierrez et al., 2009; Wolf
et al., 2012; Bashline et al., 2014). The effect of ethylene on the orientation of cortical microtubules
appears to be opposite to the effect of IAA, GA and BR (Shibaoka, 1993; Fujino et al., 1995; Le et al.,
2005; Polko et al., 2012; Wang et al., 2012a; Bashline et al., 2014).
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Cell wall relaxation and cell expansion are suggested to be coupled with mechanosensing as the
plasma membrane is stretched and pressed to the cell wall (Monshausen et al., 2009; Monshausen
and Gilroy, 2009). Mechanical stimuli result in an increase of cytosolic Ca?* levels which inhibit AHAs
and open H*-channels which in turn lead to an alkalinization of the apoplast and cytoplasmic
acidification and therefore to the inhibition of cell expansion and growth (Monshausen et al., 2009;
Monshausen and Gilroy, 2009; Wolf et al., 2012). Thereby, growth rate, cytosolic Ca2*-levels and
apoplastic pH oscillate with the same period (Monshausen et al., 2009; Monshausen and Gilroy, 2009;
Wolf et al., 2012). It was assumed that the increase of cytosolic Ca?*-levels depends on stretch-
activated Ca?*-channels of the MscS-like (MSL) family but recent studies propose the contribution of
phosphorylation dependent plastidial K* EFFLUX ANTIPORTER (KEA) KEAl, KEA2 and KEA3
(Monshausen and Gilroy, 2009; Wilson et al., 2013; Stephan et al., 2016).

The inhibition of cell expansion through cytoplasmic acidification is supported by the stabilization of
PLASMA MEMBRANE INTRINSIC PROTEINs (PIPs) in the closed pore conformation through the
protonation of a conserved His-residue in the cytoplasmic loop D (Tdrnroth-Horsefield et al., 2006;
Frick et al., 2013; Maurel et al., 2015). PIPs build one of five subfamilies of higher plant aquaporins
which are membrane channels that facilitate the transport of water and small neutral molecules across
biological membranes (Maurel et al., 2015). PIPs comprise a cytoplasmic amino terminus, six
transmembrane domains which are connected through five loops and a cytoplasmic carboxy terminus
(Maurel et al., 2015). Thereby loop A, C and E are extracellular whereas loop B and D are cytoplasmic
(Maurel et al., 2015). Beside the conserved His-residue in loop D which stabilizes PIPs in their closed
pore conformation there are regulatory phosphorylation sites at the PIP’s carboxy terminus which
influence the pore conformation as well (Maurel et al., 2015). The phosphorylation of these residues
has been shown to depend on Ca2* DEPENDENT PROTEIN KINASEs (CDPKs) and the LRR-RK
SUCROSE-INDUCED RECEPTOR KINASE 1 (SIRK1; Sjoévall-Larsen et al., 2006; Wu et al., 2013;
Maurel et al., 2015). Due to their involvement in facilitating water transport and transport of small
neutral molecules, PIPs are involved in ROS detoxification and signaling, nutrient availability, diurnal
and circadian rhythms, guard cell and leaf movements as well as in osmoregulation (Maurel et al.,
2015).

1.15 Osmotic stress

Osmotic stress can be induced by several different factors like for instance altered water availability,
flooding and therefore altered oxygen availability, dissolved ion content, abundance of other
osmotically active substances, atmospheric humidity, temperature, wind speed as well as solar
irradiance (Stephan et al., 2016). Therefore it is necessary to sense osmotic stress and integrate
various signals to obtain a proper response to osmotic stress.

ABA is known to play a key role in adaptational processes to osmotic stress like stomatal closure,
growth inhibition and osmoregulatory solute accumulation which comprises proline accumulation and
recently, evidence has been provided for cross-talk between ABA-, GA- and JA-signaling in plant
responses to drought (Verslues et al., 2006; Wohlbach et al., 2008; Finkelstein, 2013; Kumar et al.
2013; Golldack et al., 2014). Furthermore it has been revealed that ROS contribute to a modified

tolerance to osmotic stress (Zheng et al. 2013a, Golldack et al., 2014). Other mechanisms which are
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involved in the adaption to osmoatic stress are the maintenance of cell wall development and the
maintenance of integrity of cellular membranes at the plasma membrane as well as at the
endomembranes (Cominelli et al., 2008; Lippold et al., 2009; Golldack et al., 2014). The maintenance
of integrity of cellular membranes upon osmotic stress is known to be influenced by changes of the
monogalactosyldiacylglycerol and digalactosyldiacylglycerol contents in the chloroplast envelope and
in thylakoid membranes as well as by lipid signaling which involves a change in the activity of
phospholipase C and the diacylglycerol kinase (Torres-Franklin et al., 2007; Darwish et al., 2009;
Golldack et al., 2014). A link between ABA- and lipid-signaling has been shown by Lemtiri-Chlieh et al.
(2003) who described that in response to ABA myo-inositol hexakisphosphate (InsPs) levels are
elevated and that InsPs inactivates the plasma membrane inward K*-conductance in a cytosolic Ca?*-
dependent manner which promotes stomatal closure and which is assumed to be conferrable to
osmotic stress signaling (Golldack et al., 2014). Furthermore, intracellular CaZ*-levels contribute to the
maintenance and regulation of ion homeostasis during osmotic stress by activating the salt overly
sensitive (SOS) pathway (Du et al., 2011; Golldack et al., 2014). Thereby, the Calcineurin B-like (CBL)
protein calcium sensor SALT OVERLY SENSITIVE 3 (SOS3) as well as the CBL-interacting protein
kinase (CIPK) SOS2 regulate the activity of the Na*/H*-antiporter SOS1 (Liu et al., 1997; Halfter et al.,
2000; Liu et al., 2000).

In regard to the perception of osmotic stress by osmosensors it has been hypothesized that this might
include the sensing of cell volume, cell shape, membrane tension, turgor pressure, the pressure of the
plasma membrane to the cell wall or macromolecular crowding (Kumar et al., 2013; Wohlbach et al.,
2008; Hsiao, 1973; Burg et al., 2007; Schliess et al., 2007; Wood, 2011). So far the mechanism of
osmotic stress perception is unclear but for instance in yeast, components of the high osmolarity
glycerol (HOG) pathway which leads to osmotic adjustment have been elucidated (Reiser et al., 2003;
Saito and Tatebayashi, 2004; Kumar et al., 2013). In the HOG pathway osmotic stress is perceived by
the sensor hybrid histidine kinase SLN1 (Maeda et al., 1994; Posas et al., 1996). SLN1 transmits the
signal through the SLN1-YPD1-SSK1 multistep phosphorelay to the redundant pairs of MKKKs SSK2
and SSK22 which in turn activate a MPK phosphorylation cascade (Maeda et al., 1994; Posas et al.,
1996; Reiser et al., 2003; Kumar et al., 2013; Pekarova et al.; 2016). This pathway finally activates the
MPK HOG1 which participates in the regulation of several osmotic stress responses like for instance
the accumulation of glycerol as intracellular osmotically active substance (Reiser et al., 2003; Dihazy et
al. 2004; Kumar et al., 2013). Beside SLN1, the HOG-pathway can be activated by the SHO1 branch
(Reiser et al.,, 2003). As the osmosensitive growth defect of the yeast slnl/shol mutant can be
complemented by the Arabidopsis thaliana cytokinin receptors AHK2, AHK3 and AHK4 as well as by
AHK1 it was assumed that AHK1 might be the main osmosensor in plants (Urao et al., 1999; Reiser et
al., 2003; Tran et al., 2007; Wohlbach et al., 2008).

1.16 AHK1

AHK1 is a sensor hybrid histidine kinase which comprises two transmembrane domains, an
extracellular domain which might perceive a so far uncharacterized signal, a histidine kinase domain

and a receiver domain (Urao et al., 1999). It has been shown, that AHK1 localizes to the plasma
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membrane after transient expression in Nicotiana benthamiana as well as to vesicle-like compartments

which have not yet been fully characterized (Katharina Caesar, unpublished).
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figure 1.2:  AHK1 with a carboxy terminal GFP-tag complements the germination phenotype of ahk1-3,
AHK1 with an amino terminal GFP-tag does not.

AHK1 with a carboxy terminal GFP-tag (AHK1-GFP) under the control of the Cauliflower Mosaic Virus
(CaMV) 35S-promoter (C1) and AHK1 with an amino terminal GFP-tag (GFP-AHK1) under the control of
the CaMV 35S-promoter (C2) were transiently transformed into Nicotiana benthamiana (B) and stably into
the ahkl knock down mutant ahk1l-3. The analysis with confokal microscopy (SP2) of the transient
expression of AHK1-GFP and GFP-AHK1 revealed localization of AHK1-GFP at the plasma membrane
and localization of GFP-AHK1 in the endoplasmic reticulum. (C) A germination assay with homozygous
Arabidopsis thaliana lines which contained either the C1 or the C2 construct revealed that just AHK1-GFP
is able to complement the germination phenotype on high mannitol stress conditions. (Unpublished data by
Katharina Caesar)

The analysis of Arabidopsis thaliana ahkl knock down mutants revealed a contribution of AHK1 in
osmoregulation (Urao et al., 1999; Reiser et al., 2003; Tran et al.; 2007; Wohlbach et al., 2008; Kumar
et al. 2013). Tran et al. (2007) could show, that the overexpression of AHK1 in the Arabidopsis thaliana
Col-0 or Nos-0 ecotype enhances drought tolerance and that AHK1 in contrast to AHK2, AHK3 and
AHKA4 acts as positive regulator of ABA signal transduction and osmotic stress signaling. Wohlbach et
al. (2008) revealed in the Arabidopsis thaliana ecotype Ws-2 that the disruption of AHK1 leads to
decreased germination rates of seeds on media which are supplemented with the osmotically active
substances sorbitol, mannitol, sucrose, glucose and NaCl and to decreased root elongation during
growth on sorbitol supplemented media. Furthermore ahkl knock down mutants in the Ws-2 ecotype
revealed altered ABA sensitivities in regard to decreased expression of the ABA-dependent marker
gene RESPONSIVE TO ABA 18 (RAB18) and the gene of RESPONSIVE TO DESICCATION 29B
(RD29B) but did not show any change in stomatal aperture (Wohlbach et al., 2008; Kumar et al.,
2013). As ABA biosynthetic genes were upregulated upon overexpression of AHK1 an AHK1-
dependent regulation of ABA synthesis was hypothesized (Wohlbach et al., 2008). Tran et al. (2007)
and Wohlbach et al., (2008) concluded AHK1 to be a positive regulator of osmoregulation in the
Arabidopsis thaliana ecotypes Nos-0, Col-0 and Ws-2. In contrast, Kumar et al. (2013) found, that ahk1
knock down mutants in the Nos-0 and Col-0 ecotype revealed reduced relative water content,
increased leaf water loss which is explained by an increased stomatal index, unimpaired root growth
upon salt and low water potential stress as well as unimpaired ABA, proline and osmoregulatory solute

accumulation which led to the conclusion of AHK1 being a negative regulator of osmoregulation. Still,
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these results were obtained under unequal conditions: Beside different compositions of growth media
Tran et al. (2007) used growth conditions of 22°C under a 16h light/8h dark cycle, Wohlbach et al.
(2008) used 23°C under a 16h light/8h dark cycle or continuous light whereas Kumar et al. (2013) used
25°C under continuous light as well as 22°C-26°C under a 16h light/8h dark cycle.

t-test

AHK1-GFP/AHA1-mCherry
AHK1-GFP/AHK1-mCherry
AHK1-GFP/BAK1-mCherry
AHK1-GFPmCherry
AHK1-GFP

o o5 1 15 2 25 3
lifetime GFP (ns)

figure 1.3:  FRET-FLIM suggests interaction of AHK1 and BAKL1.

Transient co-expression of AHK1-GFP with AHA1-mCherry, AHK1-mCherry and BAK1-mCherry led to a
drop in fluorescence lifetime for the pairs AHK1-GFP/AHK1-mCherry and AHK1-GFP/BAK1-mCherry as
well as for the positive control AHK1-GFPmCherry indicating that AHK1 forms homodimers and interacts
with BAKL1. Stars indicate statistical significance. (Unpublished data by Katharina Caesar)

Additional studies of Katharina Caesar showed, that AHK1 with a carboxy terminal but not with an
amino terminal GREEN FLUORESCENT PROTEIN (GFP)-tag could complement the germination
phenotype of ahk1-3 under osmotic stress conditions which were applied with the osmotically active
substance mannitol (Katharina Caesar, unpublished; fig. 1.2). Furthermore it was revealed, that
expression of mCherry with an additional nuclear localization signal (NLS) under the control of the
RD29B promoter is enhanced upon mannitol treatment in an AHK1- and temperature-dependent
manner (Katharina Caesar, unpublished). Moreover, a mating-based split-ubiquitin assay in
Saccharomyces cerevisiae and a Forster resonance energy transfer (FRET)-fluorescence lifetime
imaging (FLIM) study in Nicotiana benthamiana suggested the interaction of AHK1 and BAK1
(Katharina Caesar, unpublished; fig. 1.3).
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1.17 Objective of this work

AHK1 was suggested to work as osmosensor in plants (Urao et al., 1999; Reiser et al., 2003; Tran et
al., 2007; Wohlbach et al., 2008). Several studies could show, that AHK1 indeed is involved in the
regulation of osmotic stress adjustment (Urao et al., 1999; Reiser et al., 2003; Tran et al., 2007,
Wohlbach et al., 2008; Kumar et al., 2013). Nevertheless there were opposing results whether AHK1
works as positive or negative regulator of osmoregulation (Tran et al., 2007; Wohlbach et al., 2008;
Kumar et al.; 2013).

Moreover, nothing more was known about the components of the AHK1-dependent signal transduction
pathway except the fact, that AHK1 is a sensor hybrid histidine kinase which contributes to the
multistep phosphorelay system and that it interacts with BAK1 (Urao et al., 2000; Dortay et al., 2006;
Dortay et al., 2008; Katharina Caesar, unpublished).

The aim of this work was, to clarify whether AHK1 acts as positive or negative regulator on
osmoregulation, to gain insight into the molecular mechanisms of the signal transduction pathway and
its components and to investigate whether AHK1 acts as mechano-sensitive osmosensor.

To clarify whether AHK1 acts as positive or negative regulator on osmoregulation a consistent
phenotype for all ahkl knock down mutants in all three previously described Arabidopsis thaliana
ecotypes should be found (Tran et al. 2007; Wohlbach et al., 2008; Kumar et al. 2013). To support the
finding of the respective result it is important to gain insight into the molecular mechanisms of signal
transduction. As it was previously suggested that the osmoregulation in Arabidopsis thaliana works
similar to the HOG pathway in yeast with AHK1 as osmosensor a transition from the His-to-Asp
multistep phosphorelay to Ser/Thr/Tyr phosphorylation was hypothesized (Reiser et al., 2003; Tran et
al. 2007; Wohlbach et al., 2008). The comparative analysis of the phosphoproteome of an ahkl knock
down mutant and the wildtype after treatment with mock or the osmotically active substance mannitol
was suggested to provide the prove of a possible transition. This should comparatively be investigated
as well for ahk2 ahk3 knock down mutants and their wildtype Col-0 which were treated with mock or
kinetin. Although it would have been interesting to identify a similar pathway like in yeast, it should be
tested whether interactions of AHK1 with other plasma membrane localized proteins are involved in
osmotic stress signaling. Therefore AHK1-dependent and mannitol-dependent differentially
phosphorylated proteins which were quantified in the phosphoproteome should be tested on direct
protein-protein interaction with AHK1.

To investigate whether AHK1 acts as mechano-sensitive osmosensor the evolutionary conservation as
well as the structure of the extracellular domain of AHK1 should be analyzed and determined. This
should occur with the help of sequence analysis and sequence alignments as well as through the

cloning, expression and crystallization of the extracellular domain of AHK1.
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2 MATERIAL

2.1 Organisms

211

table 2.1:
strain (company)
NEB®5a

(New England Biolabs)
One Shot®TOP10

(invitrogen)

CopyCutter™ EPI400™
(Epicentre, USA)

Origami-2 (DES3)
(Merck, D)

DB3.1™

(invitrogen)

Escherichia coli strains

Escherichia coli strains

genotype
fhuA2 A(argF-lacZ)U169 phoA ginv44

@80 A(lacZ)M15 gyrA96 recA1
relAl endAl thi-1 hsdR17
F- mcrA A(mrr-hsdRMS-mcrBC)
@80A4lacM15 AlacX74 nupG recAl
araD139 A(ara-leu)7697 galE15
galK16 rpsL (StrR) endA1l A-
F- mcrA A(mrr-hsdRMS-mcrBC)
@80dlacZAM15 AlacX74 recA1
endA1 araD139 A(ara, leu)7697
galU galK A- rpsL (StrR) nupG trfA
tonA pcnB4 dhfr
A(ara-leu)7697 AlacX74 AphoA Pvull
phoR araD139 ahpC galE galK rpsL
F* [lac+ laclq pro] (DE3) gor 522::Tn
10 trxB (StrR, TetR)
F-gyrA462 endAl A(srl-recA) mcrB mrr
hsdS20(rB—, mB-) supE44 ara-
14 galK2 lacY1 proA2rpsL20(SmR) xyl-
5 A leu mtl1

MATERIAL

function
Used for cloning and

amplification of
vectors

Used for cloning of
Entry vectors with
TOPO® Cloning

Used for cloning of
coding sequences
which are toxic to

E.coli
Used for protein

expression

Used for amplification

of Donor and

Destination vectors

2.1.2 Agrobacterium thumefaciens strains

GV3101::pMP90 (Koncz and Schell, 1986)

The strain GV3101::pMP90 is a rifampicin resistant derivate of Agrobacterium thumefaciens C58C1 of
which the Ti-plasmid pTiC58 traC was removed. Instead the strain was supplemented with the plasmid
pMP90. pMP90 is a derivate of pTiC58 traC nocC in which the T-region was completely replaced by a

gentamycine resistence operon.
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2.1.3 Saccharomyces cerevisiae strains

table 2.2:

Saccharomyces cerevisiae strains

for mating-based split-ubiquitin (MbSUS) and yeast two-hybrid (Y2H) assays

strain (source)
THY.AP4

(Grefen et al., 2009)

THY.APS

(Grefen et al., 2009)

pJ69-4A

(James et al., 1996)

2.1.4 Arabidopsis thaliana lines

genotype
MATa; ade2-, his3-, leu2-, trp1-, ura3-;

lexA::ADE2, lexA::HIS3, lexA::lacZ

function
Used for mbSUS

Used for mbSUS

MATa, ade2-, his3-, leu2-, trp1-

MATa, trp1-901, leu2-3, 112 ura3-52,

200, gal4A, gal8oA,

LYS2::GAL1-

GAL2-ADE2, met2::GAL7-lacZ

Used for Y2H

2.1.4.1 Arabidopsis thaliana lines which have been provided for the Ph.D. thesis

table 2.3:
line (NASC)
Nos-0

ahk1-1

Ws-2

ahk1-3

ahk1-4

ahk1-3/35S::AHK1-
GFP

bril-5

bak1-1 (N6125)

Col-0

ahk1-5

ahk1-6

AHK1 ox

bri1-201 (N9532)
bril-301

cngc7 (N679395)
bak1-3 (N534523)
bak1-4

ahal-6 (N67805)
aha2-4 (N67807)
ahk2 ahk3
Col-0/R-GECO1
(1460/1)
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ecotype
Nos-0

Nos-0
Ws-2
Ws-2
Ws-2
Ws-2

Ws-2
Ws-2
Col-0
Col-0
Col-0
Col-0

Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0

description
wildtype

Kumar et al. (2013)
wildtype

Wohlbach et al. (2008)
Wohlbach et al. (2008)

pH7FWG2-AHK1 (vector #1168)

in ahk1-3, homozygote
Noguchi et al. (1999)
Li et al. (2002)
wildtype
Kumar et al. (2013)
Kumar et al. (2013)
pUBQ10::AHK1-GFP (vector
#1708) in Col-0
Domagalska et al. (2007)
Kang et al. (2010)
SALK_019117.56.00.x
Kemmerling et al. (2007)
Kemmerling et al. (2007)
Haruta et al. (2010)
Haruta et al. (2010)
Higuchi et al. (2004)
unpublished

Arabidopsis thaliana lines which have been provided for the Ph.D. thesis

source
Paul Verslues

Paul Verslues

Katharina Caesar
Katharina Caesar
Katharina Caesar

Katharina Caesar

Peter Huppenberger
NASC

Paul Verslues

Paul Verslues

Paul Verslues

Katharina Caesar

Sacco de Vries
Sacco de Vries
NASC

Birgit Kemmerling
Birgit Kemmerling
Friederike Wanke

Friederike Wanke

Virtudes Mira- Rodado

Karin Schuhmacher



MATERIAL

2.1.4.2 Arabidopsis thaliana lines which have been generated during the Ph.D. thesis

table 2.4: Arabidopsis thaliana lines which have been generated during the Ph.D. thesis
line ecotype  description source
pHK1::mC Col-0 pB7-AHK1pro-mCherryNLS A. thumefaciens
(vector #1868) in Col-0 transformation
Ws-2.RFP-MBD Ws-2 pUBN-RFP-MBD (vector #3296) in Ws-2, A. thumefaciens
T2, heterozygote transformation
ahk1-3.RFP-MBD Ws-2 pUBN-RFP-MBD (vector #3296) in A. thumefaciens
ahk1-3, T2, heterozygote transformation
ahk1-4.RFP-MBD Ws-2 pUBN-RFP-MBD (vector #3296) in A. thumefaciens
ahk1-4, T2, heterozygote transformation
Ws-2.ABD2-GFP Ws-2 pUB-GFP-ABD2-GFP (vector #3298) in A. thumefaciens
Ws-2, T2, heterozygote transformation
ahk1-3.ABD2-GFP Ws-2 pUB-GFP-ABD2-GFP (vector #3298) in A. thumefaciens
ahk1-3, T2, heterozygote transformation
ahk1-4.ABD2-GFP Ws-2 pUB-GFP-ABD2-GFP (vector #3298) in A. thumefaciens
ahk1-4, T2, heterozygote transformation
bril-5 ahk1-3 Ws-2 homozygoute crossing
bak1-1 ahk1-3 Ws-2 homozygote crossing

2.15

Nicotiana benthamiana L. Samsun NN

Nicotiana benthamiana lines

2.2 DNA

2.2.1 Vectors

2.2.1.1 Vectors which have been provided for the Ph.D. thesis
A complete list of the vectors which have been provided for the Ph.D. thesis is included in appendix

(A1). Maps of the vectors which show the important functional features are attached in appendix (A3).

2.2.1.2 Vectors which have been generated during the Ph.D. thesis
A list of the vectors which were generated during the Ph.D. thesis is included in the appendix (A2).

Maps of the vectors which show the important functional features are attached in appendix (A3).

2.2.2 Oligonucleotides

Oligonucleotides were ordered from biomers.net.

The appendix comprises the list of oligonucleotides for genotyping of Arabidopsis thaliana T-DNA
insertion lines (A4), oligonucleotides and restriction enzymes for genotyping of Arabidopsis thaliana
EMS mutants (A5), oligonucleotides for the detection of T-DNAs in stably transformed Arabidopsis
thaliana lines (A6), oligonucleotides for cloning (A7), oligonucleotides for site-directed mutagenesis

(A8) and oligonucleotides for sequencing by GATC-Biotech (A9).
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2.3 General chemicals and solutions

2.3.1 Chemicals

Unless otherwise noted, all used chemicals were

(Steinheim, D) and Roth (Karlsruhe, D).

2.3.2 Antibiotics
table 2.5: Antibiotics

selection selection
antibiotic E.coli A. thumefaciens
Ampicillin 100ug/mL -
Kanamycin 50ug/mL 50ug/mL
Spectinomycin 50ug/mL 100pg/mL
Hygromycin - -
Rifampicin - 100pg/mL
Gentamycin 10pg/mL 40pg/mL
2.3.3 Hormones and inhibitors
table 2.6: Hormones and inhibitors
hormone solvent
1-aminocyclopropane-1-carboxylic acid H20
silver nitrate H20
methyl-jasmonate ethanol
salicylic acid ethanol
indole-3-acetic acid ethanol
abscissic acid ethanol
brassinolide ethanol
propiconazole ethanol
B-estradiol ethanol
kinetin H20
1-N-naphthylphthalamic acid DMSO

2.3.4 Elicitors (PAMPSs)

ordered analytically pure from Sigma-Aldrich

selection

A. thaliana

50ug/mL

25ug/mL

solvent
70% EtOH

H20
H20
H20
DMSO
H20

company
Roth®

Roth®
AppliChem
Sigma-Aldrich
Sigma-Aldrich

Duchefa

company
Sigma-Aldrich

Biotech
Sigma-Aldrich
Sigma-Aldrich
Serva
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

The pathogen-associated molecular pattern flg22 was kindly provided by Markus Albrecht (ZMBP,

Biochemistry).

2.3.5 Enzymes and commercial kits

table 2.7: Enzymes and commercial kits
enzyme or commercial kit
Taq DNA Polymerase

Phusion® High Fidelity DNA Polymerase
T4-DNA-Polymerase
PENTR™/D-TOPO® Cloning Kit
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company
New England Biolabs

Thermo Scientific
Thermo Scientific

Thermo Scientific



enzyme or commercial kit
Gateway® LR Clonase enzyme mix

Gateway® BP Clonase enzyme mix

restriction endonucleases

Shrimp Alkaline Phosphatase, SAP

T4 Polynucleotide Kinase, PNK

T4 DNA Ligase

RevertAid™ H Minus Reverse Transcriptase
PureLink™ Quick Gel Extraction Kit

Gel Extraction Kit

EURx GeneMATRIX Universal RNA Purification Kit
NucleoBond Xtra Midi (50)

Maxima® SYBR Green gPCR Master Mix (2X)

2.3.6 Antibodies
table 2.8: Antibodies

antibody clonality source organism
a-c-myc monoclonal mouse

a-HA monoclonal rat

a-VP16 polyclonal rabbit
a-mouse-AP polyclonal goat

a-rat-AP polyclonal goat

a-rabbit-AP polyclonal goat

a-His-AP monoclonal mouse

2.3.7 Size standards
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figure 2.1:  Protein and DNA size standards
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MATERIAL

company
Thermo Scientific

Thermo Scientific
Thermo Scientific and
New England Biolabs
Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific
Invitrogen

genaxxon

roboklon
Macherey-Nagel

Thermo Scientific

dilution for use company

1:1000 Roche

1:1000 Roche

1:500 GeneTex

1:3000 BioRad

1:3000 Sigma

1:3000 Sigma

1:3000 antibodies-online

(A) SpectraTM Multicolor Broad Range Protein Ladder (Thermo Scientific). Bands mark proteins of the
sizes 260kDa, 140kDa, 100kDa, 70kDa, 50kDa, 40kDa, 35kDa, 25kDa, 15kDa and 10kDa. (B) Self-made
A-Pstl DNA size marker. Bands mark DNA-fragments of the sizes 11502bp, 5077bp, 4749bp, 4507bp,
2838bp, 2555bp, 2459bp, 2443bp, 2140bp, 1986bp, 1700bp, 1159bp, 1093bp, 805bp, 514bp, 468bp,
448bp, 339bp, 264bp, 247bp, 216bp, 211bp, 200bp, 164bp, 150bp, 94bp, 87bp, 72bp and 15bp from the

left to the right.
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table 2.9:

description
A-Pstl marker

Size standards

Spectra™ Multicolor Broad Range Protein Ladder

2.4 General solutions

100mM
10mM

10X TE-buffer pH 8.0

TE-buffer pH 8.0 10% (v/v)
0.5M NaOH

1.5M Tris/HCI pH 8.8

1M Tris/HCI pH 8.0

0.5 Tris/HCI pH 6.8

20% SDS

size standard for company
DNA self-made

protein Thermo Scientific

Tris/HCI pH 8.0
EDTA

10X TE-buffer pH 8.0

2.5 Special buffers and solutions for work with bacteria

251 Growth media

Luria-Bertani broth (LB) 1% (w/v)
0.5% (w/v)
1% (w/v)

for plates add  1.5% (w/v)

Yeast Extract Broth (YEB) 0.5% (w/v)
0.1% (w/v)
0.5% (w/v)
0.5% (w/v)
2mM

for plates add 1.5% (w/v)

For the production of selection media respective antibiotics were added when the autoclaved media

had ~55°C at most.

Bacto-Peptone
Yeast extract
NaCl

Agar No.1 (Oxoid) before autoclaving
Beef Extract

Yeast Extract

Peptone

Sucrose

MgSOa4

Agar No.1 (Oxoid) before autoclaving

Bacto Tryptone
Yeast Extract
NacCl

2.5.2 Media and buffers to obtain chemically competent cells
Super Optimal Broth (SOB) 2% (w/v)

0.5% (w/v)

10mM

2.5mM

KCI

adjust pH with NaOH to pH 7.0

10mM
10mM

after autoclaving add
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MgSOa4 (1M stock, sterile filtrated)



RF1

RF2

100mMm
50mM
30mM
10mM
15% (viv)

MATERIAL

RbCI

MnCl2

Potassium acetate
CaClz

glycerol

adjust pH with acetic acid to pH 5.8

sterilize by filtration

10mM
10mM
75mM
15% (viv)

MOPS
RbCI
CaClz
glycerol

adjust pH with KOH and HCI to pH 6.1 — 6.4

sterilize by filtration

2.6 Special buffers and solutions for work with yeast

2.6.1 Growth media
YPAD

for plates add
CSM-Leu-Trp

for plates add

CSM-Leu-Trp-Ade

CSM minimal medium

for plates add

0.2% Ade

0.2% Ura

2% (wiv)
2% (wiv)
1% (wiv)
0.001% (wi/v)
2% (Wiv)

2% (Wiv)
0.5% (w/v)
0.17% (w/v)
0.064% (wi/v)
2% (wiv)

2% (wiv)
0.5% (w/v)
0.17% (w/v)
0.064% (w/v)
2% (wWiv)

2% (w/v)
0.5% (w/v)
0.17% (w/iv)
0.064% (wiv)

2% (wiv)

0.2g
100mL

Peptone

Glucose

Yeast Extract
Adenine-Hydrochloride
Agar No.1 (Oxoid) before autoclaving
Glucose

(NH)4SO4

Yeast Nitrogen Base (Becton, Dickinson)
CSM-Leu-Trp (Th.Geyer, D)

Agar No.1 (Oxoid) before autoclaving

Glucose

(NH)4SO4

Yeast Nitrogen Base (Becton, Dickinson)
CSM-Leu-Trp-Ade- (Th.Geyer, D)

Agar No.1 (Oxoid)

Glucose

(NH)4SOq4

Yeast Nitrogen Base (Becton, Dickinson)
CSM-Ade -His-Trp-Leu-Ura-Met (Th.Geyer,
D)

Agar No.1 (Oxoid) before autoclaving
adenine sulfate

MilliQ water

sterilize by filtration, store at 4°C

0.2g
100mL

uracile
MilliQ water

sterilize by filtration, store at 4°C
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1% Leu

1% Trp

1% His

1.5% Met

CSM-Ade*-His*-Trp*-Ura*

for plates add

CSM-Ade*-His*-Leu*
for plates add

CSM-Ade*-His*
for plates add

CSM-Met*
for plates add

2.6.2

salmon sperm DNA
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1.0g
100mL

L-leucine
MilliQ water

sterilize by filtration, store at 4°C

1.0g
100mL

L-tryptophane
MilliQ water

sterilize by filtration, store at 4°C

1.0g
100mL

L-histidine
MilliQ water

sterilize by filtration, store at 4°C

1.5¢g
100mL

L-methionine
MilliQ water

sterilize by filtration, store at 4°C

100% (v/v)
2% (wiv)
autoclave
1% (v/iv)
0.2% (v/v)
0.2% (v/v)
1% (v/v)

100% (v/v)
2% (wiv)
autoclave
1% (v/Iv)
0.2% (v/v)
1% (v/iv)

100% (v/v)
2% (wiv)
autoclave
1% (v/v)
0.2% (v/v)

100% (v/v)
2% (wiv)
autoclave
0.05% (v/v)

400mg
ad 50mL

CSM minimal medium
Agar No.1 (Oxoid)

0.2% Ade
1% His
1% Trp
0.2% Ura

CSM minimal medium
Agar No.1 (Oxoid)

0.2% Ada
1% His
1% Leu

CSM minimal medium
Agar No.1 (Oxoid)

0.2% Ade
1% His

CSM minimal medium
Agar No.1 (Oxoid)

1.5% Met

Buffers for the transformation of S. cerevisiae

before autoclaving

before autoclaving

before autoclaving

before autoclaving

Salmon Sperm DNA (Sigma-Aldrich)
sterile TE/LiAc buffer pH7.5
Incubate at 4°C for 24-48h while rotating.
Store Aliquots at -20°C.



MATERIAL

LiAc stock solution M LiAc
adjust pH to pH 7.5 with acetic acid
autoclave
PEG stock solution 50% (w/v) PEG 4000
autoclave
10X TE buffer 100mM Tris/HCIl pH 7.5
10mM EDTA
autoclave
TE/LiAc buffer 10% (v/v) 10X TE buffer
10% (v/v) 1M LiAc stock solution
PEG/LIAc buffer 10% (v/v) 1M LiAc stock solution
10% (viv) 10X TE buffer
80% (v/v) PEG stock solution

2.7 Special buffers and solutions for work with plants

2.7.1 Growth substrates and media

% MS 2.15g/L Murashige and Skoog basal salt mixture
(Sigma-Aldrich)
adjust pH with KOH to pH 5.7
autoclave

2 MS-agar 2.15g/L Murashige and Skoog basal salt mixture
(Sigma-Aldrich)
adjust pH with KOH to pH 5.7
1% (wiv) Phytoagar (Duchefa)
autoclave

For %2 MS-agar supplemented with hormones, PAMPs and inhibitors the substances were added to
autoclaved Y2 MS-agar of ~55°C.

5X MS-stock 21,5g/L Murashige and Skoog basal salt mixture
(Sigma-Aldrich)

Osmotic stress media 10% (v/iv) 5X MS-stock
0.039% (w/v) MES
add respective mass of mannitol/sorbitol/CaCl:
adjust pH with KOH to pH 5.7
for plates add 1% (w/v) Phytoagar (Duchefa) before autoclaving
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JPL-medium

10X Medium Stock Solution

Microelement Stock Solution

Solution E

Phosphate buffer

For plant growth assays on plates, plates in the size of 12cm x 12cm have been used and filled with
~50ml media. Any additives to the media were given when the media was not warmer than 55°C.

For cultivation of Arabidopsis thaliana on soil, ten parts T-soil, ten parts P-soil and one part sand were
mixed. For the cultivation of Nicotiana benthamiana the mixture of T-soil to P-soil to sand was 1:1:1.
T-soil had a pH5.5-6.5 and contained 3.0g/L salt, 250-300mg/L N, 250-450mg/L P20s and 300-
500mg/L K20. P-soil had a pH5.5-6.5 and contained 1.5¢g/L salt, 100-250mg/L N, 100-250mg/L P20s

and 100-250mg/L K2O.

10% (v/iv)

0,3% (v/v)
0.5% (w/v)
2mM

1mM

1mM

2mM

4mM

1imM

0.3% (v/v)
0.5% (v/v)
375mM
0.1mM

100mM
100mM
36mM
5mM
1mM
0.1mM
0.1mM

10mM
10mM

39mL
61mL

2.7.2 Seed surface sterilization

sodium hypochlorite solution

ethanol solution

50% (v/v)

0.01% (v/v)

70% (v/iv)

0.01% (v/v)

10X Medium Stock Solution
1M MES pH 5.8

Sucrose

KNO3

NH4NOs3

glutamine

K2SO04

CaClz

MgSOa4

Microelement Stock Solution
Solution E

KH2PO4

Phosphate buffer

H3BO3
MnSOg4
ZnS0Og4

Kl
Na2MoO4
CoCl2
CuSO0s4

FeSOa4
Na:EDTA

200mM NaH2PO4
200mM NazHPO4

Sodium hypochlorite
Triton-X-100

ethanol
Triton-X-100

2.7.3 Stable transformation of Arabidopsis thaliana plants

transformation solution
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2.7.4 Transient expression of proteins in Nicotiana benthamiana

transformation solution 1% (viv) 1M MES/KOH pH 5.6
0.1% (viv) 200mM Acetosyringon
0.33% (v/v) 3M MgClz

2.7.5 Induction of protein expression in N. benthamiana with B-estradiol

induction solution 20uM B-estradiol
0.1% (v/v) Tween 20

2.7.6 Pathogen assay with Alternaria brassicicola

trypan blue staining solution 10mL lactic acid
10mL glycerol
10mL phenol
10mL water
300mg trypan blue
80mL ethanol

chloral hydrate solution 25¢g chloral hydrate
25mL water

2.7.7 Destaining of Arabidopsis thaliana with acidified methanol

acidified methanol 20% (v/v) methanol
4% (vlv) 37% HCI

neutralisation solution 7% (W) NaOH
60% (v/v) ethanol

2.7.8 Protoplast isolation

enzyme solution 10% (v/v) 0.2M MES pH 5.7
10% (viv) 0.2M KCI
50% (v/v) 0.8M mannitol
1.5% (w/v) Cellulase R10
0.4% (w/v) Macerozyme R10
incubate at 55°C for 10min, then place on ice
add 10% (v/v) 0.1M CaCl2
0.1% (v/iv) 1mg/mL BSA
W5 solution 1% (v/v) 0.2M MES pH 5.7
2.5% (viv) 0.2M KCI
10% (viv) 1.25M CaCl:
10% (viv) 1.54M NaCl
MMG solution 2% (vIv) 0.2M MES pH 5.7
8% (w/v) mannitol
10% (v/iv) 0.15M MgCl2
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300M solution 10mM
10mM
10mM
300mM

300ME solution 10% (v/v)

10% (v/v)

37.5% (viIv)
1.5% (wiv)
0.4% (w/v)

MES/KOH pH5.8
CaClz

KCI

mannitol

0.2M MES/KOH pH 5.7

0.2M KClI

0.8M mannitol

Cellulase Onozuka R-10 (Duchefa)
Macerozyme R-10 (Duchefa)

incubate at 55°C for 10min

add 10% (v/v)

0.1M CaCl

2.7.9 Transformation of Arabidopsis thaliana mesophyll protoplasts

PEG solution 40% (w/v)
25% (viv)
8% (w/v)

luciferin 20mM

PEG 4000
0.8M mannitol
1.25M CacClz

luciferin

solve in water and add KOH until yellow color stays

2.7.10 Protoplast swelling assay

150M solution 10mM
10mM
10mM
150mM

MES/KOH pH5.8
CaCl;

KCI

mannitol

2.8 Special buffers and solutions for work with RNA

2.8.1 Reverse transcription

dNTP Mix 10mM
10mM
10mM
10mM

dATP
dTTP
dGTP
dCTP

2.9 Special buffers and solutions for work with DNA

2.9.1 Preparation of plasmid DNA from Escherichia coli

Mini | 50mM
10mM
autoclave
20mg/mL

Mini Il 0.2M

1%
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MATERIAL

Mini lll (pH 5.5) 29.44% (wiv) KCHsCOO
11.4% (v/v) Acetic acid glacial
2.9.2 Extraction of genomic DNA from Arabidopsis thaliana
Edward’s buffer 200mMm Tris/HCI pH 7.5
250mM NaCl
25mM EDTA
0.5% (w/v) SDS
2.9.3 Agarose-gel-electrophoresis
50X TAE-buffer 2M Tris
M acetic acid
0.05M EDTA
1X TAE-buffer 2% (viv) 50X TAE-buffer

2.9.4 Polymerase chain reaction (PCR)

dNTP Mix 10mM
10mM
10mM
10mM

(40mM Tris, 20mM acetic acid, 1ImM EDTA)

dATP
dTTP
dGTP
dCTP

2.10 Special buffers and solutions for work with proteins

2.10.1 Extraction buffers

Lyse and Load buffer 0.05M

0.1M

8M

0.005%

4%

30%

stored at -20°C

2.10.2 SDS-PAGE

M
0.27% (w/iv)
sterilize by filtration

Bottom buffer

0.25M
0.2% (w/v)
sterilize by filtration

Upper buffer

Tris/HCI pH 6.8
DTT

Urea
Bromophenol blue
SDS

glycerol

Tris/HCI pH 8.0
SDS

Tris/HCI pH 6.8
SDS

table 2.10: Incredients for of two SDS-PAGE running and stacking gels

Running Gel 30% acrylamide MilliQ water Bottom buffer 10% APS TEMED
15.0% 6.0mL 1.4mL 4.5mL 100puL 8uL
12.5% 5.0mL 2.4mL 4.5mL 100puL 8uL
10.0% 4.0mL 3.4mL 4.5mL 100puL 8uL
7.5% 3.0mL 4.4mL 4.5mL 100puL 8uL
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Stacking Gel 30% acrylamide

4.5% 0.6mL 1.4mL
APS: Ammonium persulfate

TEMED: tetramethylethylendiamine

2.10.3 Coomassie staining

staining solution

destainer solution

2.10.4 Western Blot

transfer buffer

PVDF-membrane (Millipore)

Whatman®-paper (GE Healthcare Life Sciences)

2.10.5 Immunodetection
10X TBS buffer

1X TBS buffer

TBS-Tween

blocking solution

staining buffer A

NBT stock solution

BCIP stock solution

staining solution
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MilliQ water

25% (viv)
10% (v/iv)
0.05% (wiv)

10% (v/iv)

1.43% (wiv)
0.39% (wiv)
20% (viv)

0.5M
1.5M

10% (v/v)

10% (v/iv)
0.1% (v/v)

10% (v/iv)
5% (w/v)

100mM
100mM
5mM

5% (w/v)
70% (v/iv)

5% (w/v)
100% (v/v)

0.66% (v/v)
0.33% (v/v)
100% (v/v)

Upper buffer 10% APS TEMED
2.0mL 20puL 4uL
isopropanol
acetic acid

Coomassie R-250

acetic acid

glycine
Tris-base
ethanol

Tris/HCIpH 7.4
NaCl

10X TBS buffer

10X TBS buffer
Tween20

10X TBS buffer
milk powder

Tris/HCI pH 9.5
NacCl
MgClz

nitro blue tetrazolium
Dimethylformamid

5-bromo-4-chloro-3-indolylphosphate-p-tuloidin
Dimethylformamid

NBT stock solution
BCIP stock solution
staining buffer A



MATERIAL

2.10.6 CD-spectroscopy with AHK1-ED

buffer for AHK1-ED 0.25M Tris/HCI pH 9.0
0.15M NacCl
0.1% (viv) Triton-X-100
0.1% (viv) sodium lauroyl sarcosine
buffer for AHK1-ED- 0.25M Tris/HCI pH 9.0
Leu298/422Ala 0.15M NacCl
0.1% (v/v) sodium lauroyl sarcosine

2.11 Growth chambers for plants

long day chamber 16h light / 8h dark
light tubes: 33% Osram L18W/77 Fluora,
66% Osram L18/840 Lumilux Cool White
20°C (day) / 18°C (night)
50% humidity

short day chamber 8h light / 16h dark
light tubes: 50% Osram L18W/77 Fluora,
50% Osram L18/840 Lumilux Cool White
21°C (day) / 20°C (night)
50% humidity

constant light chamber 24h light (89umol m=2 s1)
20°C
greenhouse (A. thaliana) 16h light / 8h dark

18°C (day) / 15°C (night)
55-60% humidity

greenhouse (N. benthamiana) 14h light / 10h dark
23°C (day) / 20°C (night)
60% humidity

2.12 Machines

Thermomixer 5436, Eppendorf

Vortex-Genie™, Bender & Hobein AG

Sherwood flame photometer Model 410

Roth Micro Centrifuge

Eppendorf Centrifuges 5417R, 5417C, 5810R

Beckmann J2-21M induction drive centrifuge

PCR-Thermocycler PegStar96 Universal gradient, Peglab

microscopes: TCS SP2, Leica Microsystems GmbH, TCS SP8, Leica Microsystems GmbH
clean benches: Microflow Biological Safety cabinet, ASTEC

incubators: HettCube 600 R, Hettrich; Inova 44, Eppendorf

Agarose gel-electrophoresis chambers: Peglab Perfect Blue™ Gelsystem
Labnet Power Station 300 Plus
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Scanner: Expression 1600, Epson

NanoDrop photometer ND-1000, NanoDrop products

SDS-PAGE chambers: Mini-PROTEAN® Tetra Vertical Electrophoresis Cell, BioRad
PowerPac™ High-Current Power Supply, BioRad

Mini Trans-Blot Electrophoretic Transfer Cell, BioRad

Silamat® S6, Ivoclar Vivadent

2.13 Software

PicsArt

ImageJ (Wayne Rasband, National Institutes of Health)
Gimp (The Gimp Team)

ApE - A plasmid editor (by M. Wayne Davis)

Microsoft Office 2007 + 2010 (Microsoft Corporation)

Adobe Reader IX (Adobe Systems Software Ireland Limited)
Leica Application Suite X (Leica Microsystems GmbH)

Leica Application Suite AF Lite (Leica Microsystems GmbH)

2.14 Online resources

MUSCLE sequence alignment http://www.ebi.ac.uk/Tools/msa/muscle/

Pub Med and BLAST https://www.ncbi.nlm.nih.gov
ExPasy translate tool http://web.expasy.org/translate/
prediction of protein domains www.elm.eu.org

http://smart.embl-heidelberg.de
Arabidopsis eFP browser http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cqgi
information about Arabidopsis lines http://arabidopsis.info/BrowsePage

https://www.arabidopsis.org

2.15 External devices

GATC-Biotech (D)
GenScript (USA)
GeneCust (L)
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3 METHODS

3.1 Molecular-biological methods
3.1.1 Production of competent cells

3.1.1.1 Production of chemically competent Escherichia coli cells

Cells from a glycerol-stock were distributed on a selection-free LB-plate using 2.85-3.45mm glass
beads and grown over night at 37°C. A 5mL LB-preculture was inoculated with one single colony and
grown over night at 28°C while shaking. Two 200mL SOB-main-cultures were inoculated in 2L flasks
with 0.1mL of the LB-preculture and grown up to an ODeoo of 0.45 to 0.55 at 25°C while shaking.
Before the cells were pelletized by centrifugation at 4°C with 2500g for 10min, the culture was
incubated on ice for 15min. The pellet was resuspended in 4°C cold 5mL RF1 and incubated for one
hour on ice. The cells were again pelletized by centrifugation at 4°C with 25009 for 10min. The pellet
was resuspended in 4°C cold 4mL RF2 and incubated on ice for 15min. Aliquots of 50ul were
immediately frozen in liquid nitrogen and stored at -80°C. The analysis of resistance and competence
was executed on the day of production and two weeks later. For the analysis of resistance it was
checked that the cells do not grow on Ampicillin-, Kanamycin-, Spectinomycin- and Gentamycin-

selection.

3.1.1.2 Production of electrically competent Escherichia coli cells

Cells from a glycerol-stock were distributed on a selection-free LB-plate using 2.85-3.45mm glass
beads and grown over night at 37°C. A 5mL LB-preculture was inoculated with one single colony and
grown over night at 37°C while shaking. 100mL main culture were inoculated with the over-night
preculture to an ODe00o=0.01. When the ODsoo reached 0.5 cells were pelletized by centrifugation at 4°C
with 4000rpm for 10min. The cells were then washed twice with pre-cooled 90mL sterile MilliQ water
and once with pre-cooled 90mL autoclaved 10% glycerol. Subsequenly the cells were resuspended in
1mL autoclaved 10% glycerol. Aliquots of 50uL were directly frozen in liquid nitrogen and stored at -
80°C.

3.1.1.3 Production of chemically competent Agrobacterium thumefaciens cells

A dilution streaking was executed on YEB-media with Rifampicin (Rif) and Gentamycin (Gent) as
selection using a glycerol stock of the Agrobacterium thumefaciens strain GV3101. The plates were
incubated for two to three days at 28°C. The selection with Rif and Gent was applied in all following
cultures. A 5mL YEB-preculture was inoculated with one single colony and incubated over night at
28°C while shaking. For an intermediate culture 22.5mL YEB-medium were inoculated with 2.5mL of
the preculture and grown over night at 28°C while shaking. The 25mL of the intermediate culture were
then used to inoculate the main culture of 250mL YEB-medium. The main culture was cultured up to

an ODeoo of 0.5 — 0.8. Before the cells were pelletized by centrifugation at 4°C with 4000g for 5min, the
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culture was incubated on ice for 15min. The cell pellet was resuspended in 50mL of pre-cooled 150mM
CaClz-solution. The cells were again pelletized by centrifugation at 4°C with 4000g for 5min. The cell
pellet was then resuspended in 10mL of pre-cooled 20mM CaClz-solution. Aliquots of 100uL were
immediately frozen in liquid nitrogen and stored at -80°C. For the analysis of resistance it was checked

that the cells do not grow on Kanamycin- and Spectinomycin-selection.

3.1.1.4 Production of chemically competent Saccharomyces cerevisiae

An over-night preculture of 4-5mL YPAD was inoculated with 1 colony of the respective
Saccharomyces cerevisiae strain and incubated over night at 28°C shaking. The main culture of 4mL
YPAD was inoculated with 0.4mL of the preculture and shaken at 28°C for four to six hours until an
ODeoo of 0.8 — 1.0 was reached. The cells were pelletized by centrifugation at room temperature with
1700g for 1min and resuspended in 500uL TE/LiAc buffer. The centrifugation and resuspension was
repeated two to three times. Then the cells were resuspended in 300uL TE/LiAc buffer and incubated

on ice for 10min to 3h. The competent cells were always used freshly for transformation.

3.1.1.5 Analysis of competence of competent cells

For the test of the competence of E. coli cells a transformation of 50uL competent cells was executed
with 1pL of 10pg/puL pUC19. Instead of 1mL LB for the one hour recovering at 37°C just 300uL LB
were used. After the recovering 20uL, 50uL and 80uL of the transformed cells were distributed on LB
medium with Ampicillin selection using 2.85-3.45mm glass beads and grown over night at 37°C. The
grown colonies were counted for the calculation of competence. The transformation efficiency TE is
defined as TE = Colonies / ug DNA / dilution and therefore as the number of colony forming units per

1pg of plasmid.
3.1.2 Transformation of competent cells

3.1.2.1 Transformation of chemically competent Escherichia coli

The aliquot of chemically competent E. coli cells (NEB®5a, One Shot® TOP10, Origami-2 (DE3)) was
slowly thawed on ice. 0.1-1pg of vector DNA was added to the thawed cells and the mixture was
incubated on ice for 5-30min. Then a heat shock of 42°C for 30-60s was executed and afterwards the
cells were incubated for another 2min on ice. 1mL LB-medium without any selection was added and
the cells were incubated at 37°C for 1h while shaking. The cells were pelletized by centrifugation at

13000rpm for 30s, plated on LB-plates with the respective selection and grown over night at 37°C.

3.1.2.2 Transformation of electrically competent Escherichia coli

The aliquot of electrically competent E. coli cells (CopyCutter™ EPI400™) was slowly thawn on ice.
0.1-11pg of DNA was added to the thawn cells and the mixture was incubated on ice for 5-30min. The
DNA had to be in water or in very low salt buffer. To get rid of salts for example after ligations the DNA
solution was dialyzed using dialysis membranes according to the manual. After the incubation on ice
the mixture was filled into the electroporation cuvettes and the electroporation was executed using
1.8kV. The mixture was then again placed on ice for 2min. 1mL LB-medium without any selection was

added and the cells were incubated at 37°C for 1h while shaking. The cells were pelletized by
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centrifugation at 13000rpm for 30s, plated on LB-plates with the respective selection and grown over
night at 37°C.

3.1.2.3 Transformation of chemically competent Agrobacterium thumefaciens

The aliquot of chemically competent A. thumefaciens was slowly thawed on ice. 1-5ug of a binary
vector were added to the thawed cells and the mixture was incubated for 5min on ice, for additional
5min in liquid nitrogen and for 5min at 37°C. Then 1mL YEB-medium without any selection was added.
For recovery the cells were then shaken at 28°C for 2-4h. The cells were pelletized with 3000rpm in
2min, subsequently plated on YEB-plates with Rifampicin-, Gentamycin- and the vector-specific

selection and then cultivated at 28°C for 2-3d.

3.1.2.4 Verification of the expression construct in Agrobacterium thumefaciens

To verify the correctness of the nucleotide sequence of the respective expression construct
transformed in Agrobacterium thumefaciens, a “plasmid rescue” was executed. Therefore the plasmids
were extracted by an Alkaline Lysis and transformed into Escherichia coli Neb®5a cells. 70uL of this
transformation reaction were used to inoculate 4mL LB-medium with appropriate antibiotic selection
and were grown over night at 37°C shaking. Subsequently the plasmids were extracted by Alkaline

Lysis and analyzed using restriction endonucleases, agarose gel electrophoresis and sequencing.

3.1.2.5 Transformation of chemically competent Saccharomyces cerevisiae

For the transformation of Saccharomyces cerevisiae, 16.5uL competent cells were mixed with 3.5pL
salmon sperm DNA which was heated to 95°C for 3min and then cooled on ice for 1-2min, 2uL of
vector DNA of ~0.5-1pg/pL and at last with 100puL PEG/LiAc buffer. The mixture was incubated for 30-
60min at room temperature shaking with 500rpm. Subsequent to 20min heat shock at 42°C the cells
were recovered for 20-30min at 30°C. The cells were pelletized by centrifugation with 1700g for 1min,
resuspended in 50uL sterile MilliQ water, plated on auxotrophy selection plates and grown for 2-5d at
28°C (Gietz and Schiestl, 1995).

For yeast-two-hybrid the bait (pGBKT7) and prey vector (pGADT7) were co-transformed into the S.
cerevisiae strain pJ69-4A using 1pL vector DNA of each. The transformed cells were plated on CSM-
Leu-Trp- as the pGBKT7-vector complements the Trp auxotrophy and the pGADT7-vector the Leu
auxtotrophy of pJ69-4A (Fields ad Song, 1989). For the mating-based split-ubiquitin system bait
(pMetYC) and prey (pXNubA22) vectors were transformed solitary into the two different haploid S.
cerevisiae strains THY.AP4 and THY.APS5. The transformed THY.AP4 were plated on CSM-Ade*-His*-
Trp*-Ura*- and THY.AP5 on CSM-Ade*-His*-Leu* auxotrophy media (Grefen et al., 2009).

3.1.3 Storage of bacterial cells

For long-term storage of E. coli and A. thumefaciens glycerol- and DMSO-stocks were generated. For
glycerol-stocks 500uL of the respective over-night culture were mixed with 500pL autoclaved 60%
glycerol, incubated at room temperature for 5-10min, frozen in liquid nitrogen and stored at -80°C. For
DMSO-stocks 930uL of the respective over-night culture were mixed with 70uL DMSO, incubated at

room temperature for 5-10min, frozen in liquid nitrogen and stored at -80°C.
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3.1.4 Extraction of nucleic acids

3.1.4.1 Extraction of plasmid DNA

The Alkaline Lysis was executed according to Sambrook et al. 1989. 4mL LB-medium with an
appropriate antibiotic were inoculated with a single E. coli colony and incubated over night at 37°C
shaking. The cells were pelletized by centrifugation at room temperature with 13000rpm for 30s. The
cells were resuspended in 400uL of Mini I-solution. The lysis was executed with the addition of 400uL
of Mini ll-solution and incubation at room temperature for 4min at most. The neutralization was
obtained with the addition of 400pL Mini Ill-solution and incubation on ice for 5min. Cell fragments and
the drop out were removed by centrifugation at 4°C with 13000rpm for 15min. The addition of an equal
volume of 2-propanol to the supernatant and a subsequent incubation at -20°C for 20min effects the
precipitation of vector-DNA. The vector-DNA was pelletized by centrifugation at 4°C with 13000rpm for
30min, washed with 70% ethanol and dissolved in 54uL 10mM Tris/HCI pH8.0. For the inactivation of
DNases the samples were heated up to 65°C for 10min.

Midi Preps for plasmid DNA in higher concentrations and of higher purity were executed using the

NucleoBond Xtra Midi (50) Kit (Macherey-Nagel) according to the manual.

3.1.4.2 Extraction of RNA from Arabidopsis thaliana
The extraction of RNA from Arabidopsis thaliana was executed using the EURx GeneMATRIX

Universal RNA Purification Kit (roboklon) according to the manual.

3.1.4.3 Extraction of genomic DNA from Arabidopsis thaliana

100mg of plant material which is frozen in liquid nitrogen was grinded with the addition of glass beads
with 1.25-1.65mm size and the use of the Silamat® S6 with 4500rpm for 5-10s. 300uL of Edward’s
buffer were added and the samples incubated at 65°C for 10min. Cell fragments were removed by
centrifugation with 13000rpm for 10min. The DNA was precipitated by the addition of an equal volume
of 2-propanol to the supernatant. The genomic DNA was pelletized by centrifugation with 13000rpm for
5-30min, washed with 70% ethanol and dissolved in 100uL 10mM Tris/HCI pH8.0. For the inactivation

of DNases the samples were heated up to 65°C for 10min. The genomic DNA was stored at -20°C.

3.1.5 Restriction of plasmid DNA

For the analytical restriction and the targeted opening of vector DNA for classical cloning suitable
restriction endonucleases of New England Biolabs and Thermo Scientific were used according to the
manual. A subsequently executed agarose gel electrophoresis elucidated the size of the DNA

fragments.

3.1.6 Reverse transcription
For the reverse transcription the protocol of the RevertAid™ H Minus Reverse Transcriptase was

followed using total RNA as template RNA and Oligo(dT)1s (Thermo Scientific) as primer.

3.1.7 Polymerase chain reaction (PCR)
The Polymerase chain reaction (PCR) was used to amplify specific DNA-fragments. Dependent on the

purpose of the reaction different DNA polymerases were used. The Taq DNA Polymerase of New
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England Biolabs was used for analytical PCRs, the Phusion® High Fidelity DNA Polymerase of Thermo
Scientific was used for the amplification of DNA-fragments which should be used for cloning and the
Maxima® SYBR Green gPCR Master Mix (2X) of Thermo Scientific was used for quantitative real time
PCR. The PCRs with the different DNA polymerases were executed according to the respective

manual.

3.1.8 Genotyping

To confirm homozygosity of exchanges of basepairs and T-DNA insertions, the used Arabidopsis
thaliana lines were genotyped. To genotype plant lines with T-DNA insertions, PCRs were executed on
genomic DNA with Tag DNA Polymerase (New England Biolabs) and two pairs of primers. The pair of
primers in which both primers were gene-specific, detected putative wildtype alleles. The second pair
comprised a gene-specific and a T-DNA specific primer to prove the presence of the T-DNA. When an
amplicon could be proven just with the first pair of primers, there was no T-DNA insertion at this site
indicating a wildtype allele. The detection of an amplicon for both pairs of primers indicated
heterozygosity, the detection of an amplicon just with the second pair of primers indicated
homozygosity for the T-DNA insertion. For each genotyping reaction a water-, wildtype- and positive
control was added.

To genotype plant lines which were derived from EMS mutagenesis and which have single basepair
exchanges PCRs on genomic DNA were executed with Tag DNA Polymerase (New England Biolabs)
and gene-specific primers. Subsequent to amplicons which were detected in agarose gel
electrophoresis, the amplicons were cut with restriction endonucleases which cut specifically either the
wildtype or the mutated nucleotide sequence. Dependent on the DNA-fragment size the zygosity of the
plant line could be concluded.

To proof the presence of stably transformed constructs in Arabidopsis thaliana lines, PCRs were
executed on genomic DNA with Tag DNA Polymerase (New England Biolabs) and T-DNA specific

primers.

3.1.9 Site-directed mutagenesis

Site-directed mutagenesis used polymerase chain reaction and primers which are modified at the
particular site to specifically exchange base-pairs in the nucleotide sequence of DNA-fragments.
Therefore a forward and a complementary reverse primer was designed which contained the desired
nucleotide sequence. Two PCR reaction setups of 50uL each were mixed according to the manual of
the Tag DNA Polymerase (New England Biolabs) but just with the forward- or reverse primer
respectively. After 10 cycles of PCR 25uL of each reaction setup were mixed. Subsequent to additional
30 PCR cycles the template vector was erased from the reaction setup by the addition of 1L of the
restriction endonuclease Dpnl. Dpnl was inactivated at 85°C for 10min. 5pL of the reaction setup were

then transformed into E. coli cells.

3.1.10 Dephosphorylation of DNA-fragments
The dephosphorylation of DNA-fragments avoids the re-attachment of sticky ends and therefore
reduces the background in classical cloning. For the dephosphorylation the Shrimp Alkaline

Phosphatase (Thermo Scientific) was used according to the manufacturer’'s manual.
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3.1.11 Phosphorylation of DNA-fragments
The phosphorylation of DNA-fragments facilitates the directed attachment of phosphorylated DNA-
fragments with dephosphorylated DNA-fragments in ligations. For the phosphorylation the T4

Polynucleotide Kinase (Thermo Scientific) was used according to the manufacturer's manual.

3.1.12 Classical cloning
After specific cleavage, the extraction of the desired DNA-fragment from an agarose gel and after de-
and phosphorylation, DNA-fragments with complementary sticky ends were ligated with the T4 DNA
Ligase (Thermo Scientific) according to the manufacturer's manual. The applied ratio of vector
backbone to DNA-insert depended on the ratio of their size. For the calculation of the molar amount of
DNA the following formular was used:

m(DNA — fragment)in pg * 10

=ni 1
size(DNA — fragment)in kb = 6.6 flnnmo

3.1.13 Gateway™-Cloning

The Gateway™ system of Thermo Scientific/invitrogen enables fast and site-specific recombination of
DNA-fragments in vectors. The system is advantageous as one Entry clone which contains the gene of
interest flanked by attL sequences serves as donor of the gene of interest for different Destination
vectors. Destination vectors contain the Gateway™ cassette flanked by attR sequences for the in vitro
recombination with the Entry clone (LR-reaction) and are vectors with different features for protein
expression. The LR-reaction generates expression clones with the gene of interest flanked by attB
sites. An in vitro recombination between the expression clone and a Donor vector with the Gateway™

cassette flanked by attP sites (BP-reaction) generates an Entry clone and a Destination vector.

3.1.13.1 pENTR™/D-TOPO® Cloning

To generate an Entry clone which contains the gene of interest flanked by attL sequences,
pPENTR™/D-TOPO® Cloning was used. Therefore the gene of interest was amplified in a polymerase
chain reaction using the Phusion® High Fidelity DNA Polymerase of Thermo Scientific with proof
reading function. As the pENTR™/D-TOPO® Cloning Kit was used for directional TOPO-cloning the
gene-specific forward primer needed to have the sequence 3’-CACC-[gene-specific nucleotide
sequence]-5’. For the TOPO-reaction 0.5-2.0uL of the PCR reaction were mixed with 0.5pL Salt
Solution and 0.5uL pENTR™/D-TOPO® Cloning mix. The total volume of the reaction setup was
3.0uL. The reaction was incubated at room temperature for 5min, then placed on ice and transformed
into chemically competent One Shot® TOP10 or, after dialysis, into electrically competent
CopyCutter™ EPI400™ E. coli cells.

3.1.13.2 BP-Cloning

To generate Entry clones from expression clones for site-directed mutagenesis or further generation of
expression clones, BP-reactions were executed using the respective expression clone and the Donor
vector pDONR207 in the concentration of 150ng/pL. 0.5uL of the expression clone, pDONR207, BP-
Clonase buffer, TE-buffer pH 8.0 and BP Clonase Enzyme Mix was mixed, incubated for at least 1h at

room temperature and transformed into chemically competent NEB®5a E. coli cells.
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3.1.13.3 LR-Cloning

The reaction setup for the generation of expression clones by an LR recombination reaction was 0.5pL
of 150ng/uL Entry clone, 150ng/uL Destination vector, 5X LR Clonase buffer, TE buffer pH 8.0 and LR
Clonase Enzyme Mix. The mixture was incubated for at least 1h at room temperature. Subsequently,
1pL Proteinase K was added and the mix incubated for 20min at 37°C. After 10min heat inactivation at
65°C the LR reaction setup was transformed into chemically competent NEB®5a or into electrically
competent CopyCutter™ EPI400™ E. coli cells.

3.1.14 Expression of proteins in Escherichia coli

For the expression of proteins in Escherichia coli Origami-2 (DE3) cells 4mL LB medium with
appropriate antibiotics were inoculated with a single Escherichia coli colony which was transformed
with the respective expression vector. After shaking incubation over night at 37°C 4mL LB medium with
appropriate antibiotics were inoculated with the over-night culture to ODs00=0.8 and induced with
0.3mM IPTG. After growth at 16°C for 22h the cells were harvested by centrifugation and the proteins

extracted.

3.1.15 Denaturing extraction of proteins

Proteins were extracted from Escherichia coli, Saccharomyces cerevisiae and Nicotiana benthamiana.
For the extraction of protein from E. coli and S. cerevisiae the ODesoo was measured first. Then cells of
2mL of the respective culture were pelletized by centrifugation with 13000rpm for 30s and the
supernatant was discarded. Approximately 50uL glass beads in the size of 0.25-0.5mm were added to
the pellet. Lyse and Load buffer which was pre-heated to 95°C was added in the volume which would
have been necessary to reach an ODeoo Of 20. The samples were vortexed for 1min and shaken at
65°C for 10min. Subsequent to centrifugation with 13000rpm for 30s the supernatant was transferred
to a new tube and stored at -20°C.

For the extraction of protein from N. benthamiana a leaf part in the size of approximately 1cm2 was
frozen in liquid nitrogen and shredded with glass beads in the size of 1.25-1.65mm and the Silamat®
S6 shaking for 5-10s with 4500rpm. 200uL of Lyse and Load buffer which was pre-heated to 95°C was
added. The samples were vortexed for 1min and shaken at 95°C for 10min. Subsequent to
centrifugation with 13000rpm for 5min the supernatant was transferred to a new tube and stored at -
20°C.

The total protein extraction from Arabidopsis thaliana for the analysis of the phosphoproteome as well
as the tryptic digestion and phosphopeptide enrichment was carried out as described in Wu and
Schulze 2015.

3.1.16 Phosphoproteomics (by Waltraud X. Schulze)

The experimental procedures are adopted from Dautel et al., 2015 and extended for ahk1-3/Ws-2.
15N-labeling and a reciprocal experimental design (Kierszniowska et al., 2009) was used for the kinetin
approach with ahk2 ahk3 and Col-0 as well as for the mannitol approach with ahk1-3 and Ws-2 (fig.3.1
A). In addition, for ahk1l-3 and Ws-2 an experimental approach without 15N-labeling was executed
(fig.3.1 B). In comparison to the metabolic labeling approach, in which the Col-0 and ahk2 ahk3 sample

or Ws-2 and ahk1-3 sample respectively could be mixed after harvesting, the samples in the not-
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labeled approach had to be further processed individually. These experiments were carried out in at

least three biological replicates for each combination of 1“N/15N-labeling as well as for the un-labeled

approach. Data were averaged between these replicates.
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figure 3.1:  Experimental setup for the analysis of the phophoproteome detected with and without

metabolic labeling.

(A) Experimental setup with metabolic labeling of seedling cultures. Shown is the setup with the unlabeled
wildtype (blue) and the metabolic labeled mutant plants (red). The setup was additionally executed vice
versa. Unlabeled wildtype and labeled mutant plants were treated and 1:1 mixed (A, grey) for total protein
extraction, phosphoprotein enrichment, tryptic digestion and mass spectrometric analysis. The mass
spectrometric detection of labeled (red) and unlabeled (blue) peptide ions gives an isotope peak separation
in light and heavy peaks dependent on the mass-to-charge-ratio (m/z) with quantitative differences in the
intensity. A control experiment was carried out without treatment. (B) Experimental setup without labeling
of seedling cultures. Treated and untreated cultures of not-labeled (blue) wildtype and mutant plants were
used individually (B, grey) for total protein extraction, phosphoprotein enrichment, tryptic digesetion and
mass spectrometric analysis. For each culture and treatment individual spectra were measured all
together. (A) and (B) were adopted from Arsova et al., 2012 and adjusted.

Protein extraction, tryptic digestion and phosphopeptide enrichment was carried out as described in
Wu and Schulze 2015. Tryptic peptide mixtures were analyzed by LC/MS/MS using nanoflow Easy-
nLC1000 (Thermo Scientific) as an HPLC-system and a Quadrupole-Orbitrap hybrid mass
spectrometer (Q-Exactive Plus, Thermo Scientific) as a mass analyzer. Peptides were eluted from a
75um x 50cm C18 analytical column (PepMan, Thermo Scientific) on a linear gradient running from 4
to 64% acetonitrile in 120min (240min for label-free samples) and sprayed directly into the LTQ-
Orbitrap mass spectrometer. Proteins were identified by MS/MS using information-dependent
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acquisition of fragmentation spectra of multiple charged peptides. Up to twelve data-dependent MS/MS
spectra were acquired for each full-scan spectrum acquired at 60,000 full-width half-maximum
resolution. Overall cycle time was approximately one second (Wu et al., 2014).

For the analysis of the metabolically labeled samples acquired spectra were matched against the
Arabidopsis proteome (TAIR10, 35386 entries) using Mascot v.2.2. Thereby, carbamidomethylation of
cysteine was set as fixed modification; oxidation of methionine as well as phosphorylation of serine,
threonine and tyrosine was set as variable modifications. Mass tolerance for the database search was
set to 20ppm on full scans and 0.5Da for fragment ions and “®>N-metabolic labeling” was chosen as
guantitation option. Peptides were accepted using a FDR threshold of 0.01. For quantitation, ratios
between heavy (**N) and light forms of each peptide were calculated using Mascot Distiller. Hits to
contaminants (e.g. keratins) and additionally identified reverse hits were excluded from further
analysis. Ratios from reciprocal experiments were converted to “mutant vs wildtype” ratios and
averaged. Significantly up- or down-regulated proteins were defined by pairwise t-testing with multiple-
testing correction (Benjamini et al., 1995) if peptides were identified in both replica experiments. For
the peptides identified only in one replica experiment, a two-fold-change cutoff was applied. For the
analysis of the not labeled samples protein identification and ion intensity quantitation was carried out
by MaxQuant version 1.5.3.8 (Cox et al., 2008). Spectra were matched against the Arabidopsis
proteome (TAIR10, 35386 entries) using Andromeda (Cox et al., 2011). Thereby,
carbamidomethylation of cysteine was set as a fixed modification. Oxidation of methionine as well as
phosphorylation of serine, threonine and tyrosine was set as variable modifications. Mass tolerance for
the database search was set to 20 ppm on full scans and 0.5 Da for fragment ions. Multiplicity was set
to 1. For label-free quantitation, retention time matching between runs was chosen within a time
window of two minutes. Peptide false discovery rate (FDR) and protein FDR were set to 0.01, while
site FDR was set to 0.05. Hits to contaminants (e.g. keratins) and reverse hits identified by MaxQuant
were excluded from further analysis.

Reported ion intensity values were used for quantitative data analysis. cRacker (Zauber et al., 2012)
was used for label-free data analysis of phosphopeptide ion intensities based on the MaxQuant output.
All phosphopeptides and proteotypic non-phosphopeptides were used for quantitation. Within each
sample, ion intensities of each peptide ions species (each m/z) were normalized against the total ion
intensities in that sample (peptide ion intensity/total sum of ion intensities). Subsequently, each peptide
ion species (i.e. each m/z value) was scaled against the average normalized intensities of that ion
across all treatments. For each peptide, values from three biological replicates then were averaged
after normalization and scaling. In case of non-phosphopeptides, protein ion intensity sums were
calculated from normalized can scaled ion intensities of all proteotypic peptides.

In this work a logz value above 1.0 or beyond -1.0 is set as threshold for differential phosphorylation.
For the experiments with metabolic labeling the all phosphopeptides with these log2 values were
included independently from their p-value, as the quantitation of the phosphopeptides was carried out
in pairs of ahk1-3 and wt. For the experiments without labeling just the phosphopeptides with p<0.05

were counted.
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3.1.17 AHA activity assay (by Waltraud X. Schulze)

Proteins were extracted from 14d old seedlings which were grown in liquid culture and treated with
0.3M mannitol and mock for 10min how it was described for the phosphoproteome but without tryptic
digestion and phosphopeptide enrichment. The measurement of the change of inorganic phosphate
was performed like described in Lanzetta et. al. (1979). NasVOs was used as inhibitor for plasma
membrane ATPases, EDTA for Ca?* ATPases, NaNs for mitochondrial ATPases and Bafilomycin Al
for the inhibition of V-ATPases.

3.2 Cell-biological methods

3.2.1 Cultivation of Escherichia coli

For the cultivation of Escherichia coli on LB-agar with appropriate antibiotic selection, cells which were
dissolved in medium were distributed using sterile 2.85-3.45mm glass beads. The LB-agar plates were
incubated over night at 37°C and could be stored for up to three weeks at 4°C.

For the cultivation of Escherichia coli in liquid culture 4mL LB-medium with appropriate antibiotic
selection were inoculated with a single E. coli colony from LB-agar and grown for at least 8h at 37°C
shaking. These cultures were directly used for the extraction of plasmid DNA (Alkaline Lysis).

For the production of competent cells as well as for a Midi Prep to extract plasmid DNA the culture was
used to inoculate cultures of a bigger volume. These cultures were grown according to the respective
protocols.

Liquid cultures of CopyCutter™ EPI400™ cells were used to inoculate 4mL LB-medium with
appropriate antibiotic selection and 4ul CopyCutter™ Induction Solution to ODso0=0.1 to induce
plasmid amplification. These cultures were incubated at 37°C for 4h shaking and then used for the
extraction of plasmid DNA (Alkaline Lysis).

For the expression of proteins in Origami-2 (DE3) cells, 4mL LB-medium with appropriate antibiotic
selection were inoculated with one colony of transformed Origami-2 (DE3) cells and grown over night
shaking at 37°C. The preculture was used to inoculate the 5mL LB main culture with appropriate
antibiotic selection and 0.3M IPTG to ODe00=0.8 for the induction of protein expression. The main

culture was cultivated for 22-26h shaking at 16°C.

3.2.2 Cultivation of Agrobacterium thumefaciens

Agrobacterium thumefaciens was cultivated on LB as well as on YEB with appropriate antibiotic
selection. For the cultivation on plates, cells which were dissolved in medium were distributed using
sterile 2.85-3.45mm glass beads whereas a dilution streaking was executed for A. thumefaciens of
glycerol or DMSO stocks. The plates were incubated for 2-3d at 28°C and could be stored for up to
three weeks at 4°C. For the cultivation in liquid culture 4mL medium were inoculated with a single A.

thumefaciens colony and grown for at least 8h at 28°C shaking.

3.2.3 Cultivation of Saccharomyces cerevisiae
For the cultivation of Saccharomyces cerevisiae on plates of the appropriate auxotrophy medium
dissolved cells were distributed using sterile 2.85-3.45mm glass beads whereas a dilution streaking

was executed for S. cerevisiae of glycerol or DMSO stocks. The plates were incubated for 1-5d at
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28°C and could be stored for up to three weeks at 4°C. For the cultivation in liquid culture 4mL of the
appropriate auxotrophy medium were inoculated with S. cerevisiae, shortly vortexed and incubated at
28°C shaking for at least 8h.

3.2.4 Transformation of Arabidopsis thaliana plants

For the stable transformation of Arabidopsis thaliana plants the “floral dip” method of Clough and Bent,
1998 was used. Therefore a 5mL YEB-preculture with the respective selection was inoculated with one
single colony of A. thumefaciens carrying the correct vector-DNA which should be transformed into the
plant. The preculture was incubated shaking over night at 28°C. The main culture of 200mL YEB-
medium with respective selection was inoculated with 4mL preculture and incubated shaking over night
at 28°C. The cells of the main culture were pelletized by centrifugation at 4°C with 40009 for 20min and
resuspended in 200mL of the transformation solution. For the transformation ten flowering plants in
one 8cm pot were put head first into the Agrobacterium-transformation-solution for 30s. Then the
plants were placed under the tray cover for keeping the humidity. The tray cover was removed the next

day. The floral dipping was repeated two days later.

3.2.5 Transient expression of proteins in Nicotiana benthamiana

For the transient expression of proteins in Nicotiana benthamiana a 4mL YEB- or LB-preculture with
the respective selection was inoculated with one single colony of A. thumefaciens carrying the correct
binary vector-DNA which should be transformed into the plant. The preculture was incubated shaking
over night at 28°C. The 3mL LB- or YEB-main culture was inoculated with 0.5mL of the preculture and
grown shaking for 4h at 28°C. The cells were pelletized by centrifugation with 4000rpm at 4°C for
15min and resuspended in precooled transformation solution. The volume of the transformation
solution was calculated with 0.5mL transformation solution per leaf which should be infiltrated. When
two or more constructs should be infiltrated at once, the resuspended A.thumefaciens cells
transformed with the respective binary vector were mixed 1:1. Subsequent to the incubation of the cells
on ice for at least 1h, the cells were injected into the tobacco leaf using a syringe without the needle.

The samples were analyzed by microscopy two to three days after the transformation.

3.2.6 Induction of protein expression in N. benthamiana with B-estradiol
Transient expression of proteins in infiltrated leaves of Nicotiana benthamiana was induced 4-8h
before the microscopic analysis. Therefore the induction solution was applied with a brush to the

abaxial side of the leaves and incubated for 4-8h.

3.2.7 Yeast-two-hybrid

The Yeast-two-hybrid system was used to analyze physical in vivo protein-protein-interactions of
cytosolic and nuclear proteins. For the interaction test fusion-contructs were generated fusing the
proteins which should be tested for interaction to either the N-terminal GAL4-activating domain (AD) of
the GAL4-transcription factor using the pGADT7-vector or the GAL4-DNA binding domain (BD) using
the pGBKT7-vector. The yeast-two-hybrid system and the interaction test bases on the reconstitution
of the GAL4-transcription factor upon the physical interaction of two proteins which then leads to the

transcriptional activation and translation of the auxotrophy marker gene ADE2 and therefore to the
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ability of growth on ADE depleted medium. For the interaction test 4mL of CSM-Leu-Trp- were
inoculated with three colonies of co-transformed pJ69-4A and grown over night at 28°C shaking. The
cells were pelletized by centrifugation with 2000g for 10min and washed twice with sterile MilliQ water.
Subsequently the cells were resuspended in sterile MilliQ water to ODs00=1.0 and a dilution series was
generated with ODes00=0.1 and ODeso0=0.01. 10pL of each dilution were dropped on the growth control
medium CSM-Leu-Trp- and the auxotrophy-medium CSM-Leu-Trp-Ade-. The growth at 28°C was

documented for four to six days by scanning of the plates.

3.2.8 Mating-based split-ubiquitin screen

The mating-based split-ubiquitin system was used to analyze in vivo protein-protein-interactions of
membrane-bound proteins or the interaction between a protein which is bound to a membrane (bait)
and a cytosolic protein (prey). It utilizes ubiquitin which was split into two halves, the N- (Nub) and C-
terminal (Cub) half. The N-terminal half was mutated to avoid spontaneous reassembling (NubA) and
Cub was fused N-terminally with a transcriptional activator (lexA-VP16). For the protein-protein
interaction test fusion constructs were generated, fusing a bait and a prey protein N-terminally to Cub
(pPMetYC) and NubA (pXNubA22). When the bait and prey protein interact, Cub and NubA are brought
into close proximity and are hence recognized as a functional ubiquitin. This leads to the release of the
lexA-VP16, therefore to the activation of the Ade2-, His3- and lacZ-gene and the loss of the Ade- and

His-auxotrophy (Grefen et al., 2009).

3.2.8.1 Mating of Saccharomyces cerevisiae

For the protein-interaction test the transformed THY.AP4 and THY.AP5 expressing the proteins which
should be tested had to be mated. Therefore over-night cultures with 4mL of the respective CSM-
auxotrophy medium were inoculated with at least three colonies and grown at 28°C shaking. Cells of
2mL were pelletized using centrifugation with 1000g for 10min. The cells were resuspended in YPAD-
medium whereat 20uL per mating were used.

20uL of bait and prey each were mixed in all combinations which should be tested for interaction.
Subsequently 4uL of each mating were dropped on a YPAD-plate and grown over night at 28°C. The
colonies of the mating were resuspended in 50uL of sterile MilliQ water respectively, 7uL each dropped
on CSM-Ade*-His* plates and grown for 1-3d at 28°C.

3.2.8.2 Interaction test

4mL CSM-Ade*-His* were inoculated with one colony of the mated S. cerevisiae strains respectively
and grown over night at 28°C. 2mL of the culture were stored for the denaturing extraction of proteins.
For the interaction test, cells of 100uL culture were pelletized using centrifugation with 1000g for
10min, washed three times with 100uL of sterile MilliQ water and resuspended in the volume of sterile
MilliQ water for ODeoo=1.0. A dilution series with ODgoo=0.1 and ODs00=0.01 was generated. 5uL of
each mating in each dilution was dropped on CSM minimal medium, CSM-Ade*-His* as well as on
CSM-Met* and grown at 28°C for up to 8d. The growth was monitored every day by scanning of the

plates.
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3.2.9 Propidium iodide (PI) staining

Propidium iodide (PI) is a cationic dye that does not cross intact membranes but binds to cell walls,
forming an outline of living cells. Seedlings and leaves were mounted in 0.1mg/mL PI on slides,
incubated for at least 10min and then analyzed with the epifluorescence or confocal microscope. The

excitation wavelength for Pl is 536nm, the emission maximum at 617nm.
3.3 Physiological methods

3.3.1 Seed surface sterilization

3.3.1.1 Seed surface sterilization with sodium hypochlorite
At most 50mg of Arabidopsis thaliana seeds were surface sterilized with 1mL sodium hypochlorite

solution for 5min and washed four times with 1mL of sterile 0.01% Triton-X-100.

3.3.1.2 Seed surface sterilization with ethanol

At most 50mg of Arabidopsis thaliana seeds were surface sterilized with 1mL ethanol solution and
shaken overhead for 15min. The ethanol solution was replaced by 100% ethanol and the seeds again
shaken overhead for 15min at most. The seeds were pipetted on sterile filter paper, dried and stored

for further use.

3.3.1.3 Seed surface sterilization with chloric gas

At most 50mg seeds of Arabidopsis thaliana were placed in the desiccator. In a beaker glass set in the
desiccator as well, 50mL 12% sodium hypochlorite and 1.5mL 37% HCI were mixed and the lid of the
desiccator was immediately closed. The seeds were incubated in the formed chloric gas for three

hours and were directly used or stored after the evaporation of the gas.

3.3.2 Cultivation of Arabidopsis thaliana
For all physiological experiments seeds were used which originate from plants which were

contemporaneously grown in the greenhouse.

3.3.2.1 Cultivation of Arabidopsis thaliana on saoil

To synchronize the germination of the seeds, surface sterilized Arabidopsis thaliana seeds were
stratified in ImL MilliQ water at 4°C for at least 24h. Then the seeds were pipetted on soil and the trays
covered by a hood for the first week. Depending on the purpose the plants were grown in the
greenhouse or the phytochambers.

For plants which should be used to isolate mesophyll protoplasts, surface sterilized Arabidopsis
thaliana seeds were stratified in 1mL MilliQ water at 4°C for at least 24h and then pipetted on soil in
6cm pots. The tray, the pots were placed in, were covered by a hood for two weeks. After two weeks
the seedlings were singularized in 6cm pots and grown for additional two weeks covered by a hood.
Subsequently to one week of growth without a hood the plants could be used for mesophyll protoplast

isolation.
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3.3.2.2 Cultivation of Arabidopsis thaliana on %2 MS-Agar plates
Surface sterilized Arabidopsis thaliana seeds were individually placed with autoclaved toothpicks on
petri dishes with ¥2 MS-Agar supplemented with different substances. To synchronize the germination

of the seeds, the dishes were incubated at 4°C for 1-4d.

3.3.2.3 Cultivation of Arabidopsis thaliana in liquid culture

Arabidopsis thaliana seeds, which were surface sterilized with chloric gas, were stratified in 1mL sterile
MilliQ water at 4°C for 3d. The MilliQ water was replaced by the growth medium and the seeds were
pipetted into the growth vessel. They were cultivated at continuous light (40pumol m-? s1) shaking with
80u/min. After 10d the growth medium was renewed, after 14d the seedlings were treated and
harvested respectively.

To obtain seedlings for the analysis of the phosphoproteome 20mg seeds of ahk2 ahk3, ahk1-3 and
their wildtypes Col-0 and Ws-2 were grown in 50mL JPL medium in 250mL Erlenmeyer flasks whereas
Ws-2 and ahk1-3 have been stratified in 5uM gibberellic acid (GA3). Col-0 and ahk2 ahk3 grew at
22°C, Ws-2 and ahk1-3 at 20°C. After 14d the media ahk2 ahk3 and Col-0 were growing in were
supplemented with kinetin to a final concentration of with 100ng/mL. Subsequent to 10min shaking at
80u/min in kinetin-supplemented media the seedlings were harvested, frozen in liquid nitrogen and
stored at -80°C. In a control experiment (mock treatment) the seedlings were not treated with kinetin
and harvested directly. For ahk1-3 and its wildtype Ws-2 the 14d old seedlings were transferred into
50mL JPL medium respectively which was supplemented with 0.3M mannitol. Subsequent to 10min
incubation in mannitol-supplemented media the seedlings were harvested, frozen in liquid nitrogen and
stored at -80°C. In a control experiment (mock treatment) the seedlings were transferred to JPL
medium without mannitol and harvested like the mannitol-treated seedlings.

For the analysis of the seedlings’ sodium-, potassium- and calcium-content, 3-5mg seeds were
stratified in 5uM gibberellic acid and grown in 2mL JPL medium in 24-well micro titer plates at 20°C.
After 14d the seedlings were transferred into 2mL JPL medium which was supplemented with 0.3M
mannitol. Subsequent to 10min incubation in mannitol-supplemented media the seedlings were
harvested, frozen in liquid nitrogen and stored at -80°C. In a control experiment (mock treatment) the
seedlings were transferred to JPL medium without mannitol and harvested like the mannitol-treated

seedlings.

3.3.3 Cultivation of Nicotiana benthamiana

The seeds of Nicotiana benthamiana were sown on P-soil. Two week old seedlings were singularized
into 6cm pots with the soil mixture and grown for additional two to three weeks at 23°C/20°C
(day/night), 14h light and 60% humidity.

3.3.4 Crossing of Arabidopsis thaliana lines

Arabidopsis thaliana lines were cultivated on soil in the greenhouse as described until they were
flowering. For the crossing of Arabidopsis thaliana lines, sepals, petals and stamen were removed from
flowers which were going to open the next hours. The stigma of the carpel was then pollinated with
pollen of the desired Arabidopsis thaliana line. All flowers which were not pollinated like this were

removed from the plant. The seeds which resulted from this pollination were cultivated and genotyped
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to analyze that both alleles were there. The plant lines were progenated like this until homozygote

plant lines could be identified.

3.3.5 Destaining of Arabidopsis thaliana with acidified methanol
The plant material was put into acidified methanol and incubated for 20min at 55°C. The acidified
methanol was replaced by the neutralization solution. After the destaining the plant material was

rehydrated by replacing the neutralization solution by 40%, 20%, 10% ethanol and finally by H20.
3.3.6 Protoplast isolation

3.3.6.1 Protoplastisolation of mesophyll cells

The isolation of mesophyll protoplasts was performed as described by Yoo et al., 2007 and modified by
Anna Jehle. Leaves were cut with a razor blade (0.5-1mm) and incubated in the enzyme solution (~10-
20 leaves/SmL enzyme solution). Leaf strips were vacuum infiltrated in the dark for 30min using a
desiccator and incubated in the dark for 3h at room temperature. Subsequently the enzyme/leaf
solution was diluted with the same volume W5 solution, gently swirled to release the protoplasts from
the leaf strips and filtered through a nylon mesh (75um). Protoplasts were pelletized by centrifugation
at 4°C with 200g for 1min in a round-bottomed tube (14mL, Roth) and resuspended in W5 whereas the
double volume of initially used enzyme solution was utilized. Then the protoplasts were counted in a
hemocytometer and incubated on ice for 30min to 3h. The protoplasts which settled on the bottom by

gravity were resuspended in MMG solution to a final concentration of 200 000 protoplasts/mL.

3.3.6.2 Protoplast isolation of seedlings

Hypocotyls and cotyledons of 4d old Arabidopsis thaliana seedlings grown on JPL medium plates were
separated from roots, transferred to 1mL 300ME solution, cut into small pieces and incubated gently
shaking for at least 3h in the dark. The isolated protoplasts were filtered through a 50um nylon filter,
harvested by centrifugation with 80g at 4°C for 5min and washed three times with ice-cold 300M
solution. The protoplasts were resuspended in 0.5mL 300M and stored on ice for at least 30min before

an experiment was started (Wu et al., 2013).

3.3.7 Transformation of Arabidopsis thaliana mesophyll protoplasts

The transformation of Arabidopsis thaliana mesophyll protoplasts was performed as described by Yoo
et al., 2007 and modified by Anna Jehle. For the transformation in total 10ug plasmid DNA were gently
mixed with 100uL aliquots comprising 20 000 protoplasts and 110uL of PEG solution. The mixture was
incubated for 5min, subsequently diluted with 400uL W5-solution and centrifuged at 4°C with 200g for
1min. The pelletized protoplasts were resuspended in 100uL W5-solution supplemented with 200uM
luciferin and distributed in aliquots of 100uL with 20 000 protoplasts per well in a 96-well plate. The
protoplasts were incubated for 16h in the dark at room temperature. For transformation of several
batches up-scaling of all components was performed whereas at least two technical replicates per

transformation were used.
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3.3.8 Protoplast Luciferase assay
After 16h of incubation, transformed Arabidopsis thaliana mesophyll protoplasts were treated by the
addition of stock solutions in the same volumes and the luminescence of protoplast samples was

guantified in vivo using a luminometer.

3.3.9 Protoplast swelling assay

For the protoplast swelling assay 20uL of the isolated protoplasts were added to approximately 200uL
300M solution in a perfusion chamber constructed by Gerhard Obermeyer placed under the
microscope. Protoplasts were allowed to settle down for about 5-10min. The chamber was then
perfused with 300M solution to select protoplasts sticking well to the glass bottom of the perfusion
chamber. The perfusion solution was then changed to the hypo-osmolar 150M solution. Images of the
swelling protoplasts were taken each second for at least 1min with a video-camera equipped
microscope. The osmolality of all media was measured with a cryoscopic osmometer (Osmomat 030,
Gonotec) and the following osmolalities were noted: 300M: 0.364o0smol kg; 150M: 0.207osmol kg
The video sequence was converted to an image sequence with one picture per second using STOIK
Video Converter 3. For each time point the diameter and cross-section area of the protoplasts was
measured using ImageJ and the volume as well as the surface area was calculated. The linear
regression curve of the increase of the protoplast volume per time was used to calculate the water flux

per um?2 protoplast membrane which was defined as water flux density.

3.3.10 Pathogen assay with Alternaria brassicicola (by Jens Riexinger and Birgit Kemmerling)

Arabidopsis thaliana lines were cultivated on soil in the short day chamber as described. Three week
old plants were watered properly prior to the assay whereas the leaves were kept dry. The plant lines
were mixed in the trays and two leaves per plant labeled. The glycerol stock of 2x107 spores/mL was
diluted with sterile water to 1x108 spores/mL and kept at room temperature. Two to six droplets of 5uL
spore solution were put on the leaves. Bonitation was executed after 7, 10 and 13 days after infection

using the bonitation code which is shown in fig. 3.2.

category 1 2 3

o G

figure 3.2:  Bonitation code for the pathogen assay with Alternaria brassicicola

According to the severity of symptoms the infected leaves show, they are classified into six categories:
categoryl: leaf shows no symptoms; category2: light brown spots at infection site; category3: dark brown
spots at the infection site; category4: spreading necrosis; category5: leaf maceration; category6:
sporulation.

Category one means that the leaf does not show any symptoms, category two that the leaf shows light
brown spots at the infection site, category three that the leaf shows dark brown spots at the infection
site, category four describes spreading necrosis, category five leaf maceration and category six

sporulation.
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Trypan blue was used to selectively stain dead tissue. Therefore infected leaves were put into a 6-well
micro titer plate filled with 2mL Trypan blue staining solution per well and boiled for 45-60s in a 100°C
water bath. Subsequently to the incubation for 5min at room temperature, the staining solution was
replaced by 1.5mL chloral hydrate solution and incubated for 6h. After 6h the chloral hydrate solution
was renewed. After incubation in chloral hydrate over night the leaves were put into 20% glycerol and

analyzed by microscopy.

3.3.11 Salt response assay (by Christa Testerink)
The response of Ws-2, ahk1-3 and ahk1-4 to 75mM NaCl was executed and analyzed like described in
Julkowska et al., 2014.

3.3.12 Determination of flowering time
According to Kang et al., 2015, flowering time was measured as the number of days from seed sowing
to the opening of the first flower. The Arabidopsis thaliana plants were cultivated as described in the

long day and short day phytochamber.

3.3.13 Germination assay

Surface sterilized seeds were individually placed with autoclaved toothpicks on half strength MS salts,
2mM MES and 1% phytoagar as well as on media supplemented with 0.3M mannitol, stratified for 4d
at 4°C to synchronize the germination and grown for six days at continuous light conditions at 20°C.
Germination was monitored every day by scanning of the plates and counting of germinated seeds.
The germination rate was defined as the percentage of seeds which have germinated after five days of
continuous light. The germination time was defined as the mean value of days the seeds needed to
germinate. The experiment was carried out in at least three biological replicates with 50 seeds per line

and treatment respectively. Data were averaged between these replicates.

3.3.14 Hydrotropic growth assay

Surface sterilized seeds were individually placed with autoclaved toothpicks on ¥2 MS-agar, stratified at
4°C for 3d to synchronize germination and grown in constant light conditions at 20°C for 4d. To test the
hydrotropic response plates were needed with a diagonal gradient of water potential (yw). To obtain
this, 65mL half strength MS salts with 1% phytoagar were casted into 12cm x 12cm petri dishes. Once
solid, the half strength MS-agar was diagonally cut with a sterile blade of a scalpel and the lower part
removed. The lower part was filled with 30mL half strength MS-agar supplemented with 400mM
sorbitol. The 4d old seedlings were transferred to these plates orienting their roots straight and vertical
to the bottom frame of the petri dish and placing their root tips precisely on a parallel line of 3mm
distance to the medium interface. The plates were put in an upright position to constant light. After at
least 12h of growth the hydrotropic response of the different plant lines was analyzed using the growth
angle a of the roots in reference to the gravitropic growth stimulus (g) as indicator. The angle was
measured using ImageJ. The experiment was repeated more than three times with 35 seedlings per

line respectively. Data were averaged between these replicates.
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figure 3.3:  Experimental setup to test the hydrotropic response.

4d old seedlings of different Arabidopsis thaliana lines (here: Ws-2, ahk1-3, ahk1-4) were transferred to
plates which were splitted diagonally in an upper part with ¥2 MS-Agar and a lower part with ¥2 MS-Agar
supplemented with 400mM sorbitol whereat the root tips were precisely placed on a line lying 3mm distant
parallel to the medium interface in the upper part (dashed line). This leads to a diagonal gradient of water
potential (yw). To analyze the hydrotropic response of the different plant lines the growth angle a of the
roots in reference to the gravity (g) was used as indicator which was measured with the use of ImageJ.

3.3.15 Gravitropic growth assay

Surface sterilized seeds were individually placed on ¥ MS-agar and % MS-agar supplemented with
1uM methyl-jasmonate (MeJA), stratified at 4°C for 3d to synchronize germination and grown in
constant light conditions at 20°C for 3d whereat the plates were put into an upright position. To
investigate the gravitropic response of root growth, the plates were turned for 90° to the left. After 2d of
additional growth the plates were scanned for the analysis. Using ImageJ the growth angle a of the
root towards the applied gravitropic stimulus in reference to the original direction of gravity was
analyzed and defined as curvature. The experiment was executed once with at least 90 seedlings per

line and treatment.

3.3.16 Investigation of lateral root development

Lateral root development is favored at the bending zone of main roots after an altered gravitropic
stimulus. Stage | lateral root primordia were usually first detected 18h after gravitropic induction. The
formation of each subsequent stage usually takes 3h (Péret et al., 2012). Therefore the bending point
of gravitropically induced roots was analyzed and the lateral root primordia categorized 18h and 42h
after the gravitropic induction of 3d old seedlings. To obtain these seedlings, at least 40 surface
sterilized seeds per line were individually placed on ¥ MS-agar. The seeds on the plates were
stratified for 3d at 4°C to synchronize germination and grown for 3d in an upright position in constant
light conditions at 20°C. The same seed set was sown for the 18h time point as well as for the 42h time
point. The gravitropic induction was applied by the 90° turn of the plate to the left. 18h and 42h after
the gravitropic induction the seedlings were transferred into a 24-well micro titer plate and destained
with acidified methanol. Subsequently the seedlings were mounted on glass slides in 50% glycerol and
incubated over night. With the use of differential interference contrast microscopy the lateral root
primordia were categorized into the different stages. The number of plants with a primordium in the

respective stage was determined and the percental amount of plants in regard to the total number of
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analyzed plants at the particular time point calculated. The experiment was repeated two times. Data

were averaged between these replicates.

3.3.17 Analysis of stomatal density and stomatal index

Surface sterilized seeds were individually placed on half strength MS salts with 2mM MES and 1%
phytoagar, stratified for 3d and grown at constant light at 20°C whereat the plates were put in an
upright position. When the seedlings began to develop their first leaf they were transferred to half
strength MS salts with 2mM MES and 1% phytoagar or half strength MS salts with 2mM MES and 1%
phytoagar supplemented with 0.3M mannitol respectively.

The first leaves were stained with propidium iodide and imaged with the use of a confokal laser
microscope (Leica, SP2).

Additionally surface sterilized seeds were individually placed on Y2 MS-agar, stratified for 3d and grown
for 3d at constant light at 20°C whereat the plates were put in an upright position. The cotyledons were
stained with propidium iodide and imaged with the use of a confokal laser microscope (Leica, SP2).
The images of the outlined cells were merged with the use of ImageJ. For the analysis of stomatal
density and stomatal index, the outlines of the cells had to be retraced. This was executed manually
with PicsArt. Then the number of cells was counted and the stomatal density and stomatal index

calculated.

3.3.18 Root growth assay

Surface sterilized seeds were individually placed on half strength MS salts with 2mM MES and 1%
phytoagar or ¥2 MS-agar respectively. The seeds on the plates were stratified at 4°C for 3d to
synchronize germination and were the grown at constant light and 20°C for 4d whereat the plates were
put in an upright position. The 4d old seedlings were then transferred to osmotic stress media or media
supplemented with hormones, inhibitors of hormone biosynthesis or signaling as well as on pathogen-
associated molecular pattern (PAMPS). For each treatment a respective control was included. 20
seedlings per line and treatment were transferred. The treatment plates were scanned every day at the
same time beginning from the day of transfer (“d0”) until eight days after the transfer (“d8”). For the
analysis of root elongation, an overlay of the images of d8, d4 and dO was generated. ImageJ was
used to measure the root length of dO, d4 and d8 in one run. From these data, the total root length
could be compared as well as the mean values of total root elongation which were determined like it
was described by Kumar et al., 2013. According to Wohlbach et al., 2008 the mean percentage of root
elongation based on the mean value of non-stressed control roots was calculated in addition to
compare the results of both ways of analysis. To illustrate differences of several experiments in regard
to root length and root elongation the mean percentage of root elongation based on the respectively
treated wildtype root was calculated. For each type of analysis data were averaged between replicates

when more than one replicate was executed.

3.3.19 Study of Arabidopsis thaliana seed size
At least 80 seeds per Arabidopsis thaliana line were filled in a petri dish which was scanned with
300dpi resolution. With the use of ImageJ binary pictures were generated and the seed size was

measured using the tool “Analyze Particles”. Three seed batches were analyzed. Each seed batch
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originated from plants which grew contemporaneously in the greenhouse. Data were averaged

between these replicates.

3.3.20 Investigation of skotomorphogenesis

50 surface sterilized seeds per Arabidopsis thaliana line and treatment were individually placed on %
MS-agar without supplementation, with supplementation of PAMPs, hormones, inhibitors of hormone
biosynthesis and signaling as well as on osmotic stress media including the respective control. The
seeds on the plates were stratified at 4°C for 3d to synchronize germination. 2h light at 20°C induced
germination. Subsequently to the 2h of light induction the plates were carefully darkened by wrapping
in aluminum foil and placed in an upright position in the constant light at 20°C. After 3d of growth in the
dark the plates with the skotomorphogenic seedlings were scanned. With the use of ImageJ the
hypocotyl and root length of the seedlings was measured. To illustrate the constant difference in length
the mean percentage of hypocotyl and root length in reference to the respective wildtype was

calculated. Data were averaged between replicates when more than one replicate was executed.

3.4 Biochemical methods

3.4.1 Agarose gel electrophoresis

In agarose gel electrophoresis DNA is separated according to its size by an electrical field. Depending
on the size of the expected DNA fragments an agarose concentration of 0.8-3% (w/v) was chosen.
Agarose was dissolved in 1X TAE buffer by boiling. After chilling to ~50°C the DNA stain ethidium
bromide or Midori Green was added to a final concentration of 0.5ug/mL or 0.02% (v/v) Midori Green
Advanced DNA Stain (Nippon Genetics Europe) and the mixture was poured into the electrophoresis
cell. 1X TAE buffer was used as running buffer. DNA-samples and a size standard were mixed with
DNA loading buffer in a ratio of 1:4 and loaded onto the gel. The gel was run with 5V/cm. The size of

DNA fragments was reported using UV-light.

3.4.2 Extraction of DNA-fragments from agarose gels
The extraction of DNA-fragments from agarose gels was executed with the use of the Quick Gel

Extraction Kit (invitrogen) and Gel Extraction Kit (genaxxon) according to the manuals.

3.4.3 Measurement of nucleic acid concentrations in solutions

The concentration of nucleic acids which were dissolved in 10mM Tris/HCI pH 8.0 or sterile MilliQ
water was photometrically determined using NanoDrop1000 Spectrophotometer (Thermo Scientific).
OD260=1.0 correlates to a nucleic acid concentration of 50ug/mL (Sambrook et al., 2001). The ratio of
sample absorbance at 260nm and 280nm is used to assess the purity of DNA and RNA. A ratio of ~1.8
is generally accepted as “pure” for DNA, a ratio of ~2.0 is generally accepted as “pure” for RNA. A ratio
which is lower indicates the presence of protein. The ratio of sample absorbance at 260nm and 230nm
is an additional measure of nucleic acid purity whereas a ratio between 1.8 and 2.2 indicates “pure”

nucleic acids.

3.4.4 DNA-sequencing
Sequencing of vector DNA was executed by GATC Biotech AG, D.
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3.45 SDS-Polyacrylamid-Gel-Electrophoresis (SDS-PAGE)
SDS-Polyacrylamid-Gel-Electrophoresis (SDS-PAGE) was utilized to separate proteins according to
their size. Therefore the electrophoresis chambers of BioRad were used. Proteins were extracted and
loaded on the SDS-gel in Lyse and Load buffer. The Spectra™ Multicolor Broad Range Protein Ladder
(Thermo Scientific) was used as marker for the protein size. SDS buffer was utilized as running buffer.
The gel was run with 120V and 10-15mA/gel.

3.4.6 Coomassie staining

For the detection of proteins in the SDS-gel after the SDS-PAGE the gel was incubated shaking over
night in Coomassie staining solution. Then the Coomassie staining solution was replaced by the
destainer solution and the gels were incubated shaking until the protein bands were visible. For
documentation, stained SDS-gels were then placed between two Cellophan (Roth) foils which were

wetted with 20% glycerol, dried and scanned.

3.4.7 Western Blot

The proteins which were separated according to their size by SDS-PAGE were transferred by a
Western wet Blot to an immobilizing PVDF-membrane (Millipore). The wet blot setup was performed in
the following sequence: Anode, sponge, Whatman-paper (GE Healthcare), PVDF-membrane, SDS-
gel, Whatman-paper, sponge, cathode in transfer buffer. Previously the PVDF-membrane was
equilibrated in 100% methanol. The transfer was executed at 4°C using the electrophoresis chambers

of BioRad with a constant current of 60mA over night or a constant current of 300mA for 1.5h.

3.4.8 Immunodetection

The proteins which were transferred and immobilized on the PVDF-membrane were detected with
specific antibodies. After the Western wet Blot, the PVDF-membrane with the bound proteins was
incubated in blocking solution for at least 1h at room temperature or over night at 4°C. Subsequently to
three washing steps with TBS-Tween for 10min each the first antibody was added and incubated for at
least 2h at room temperature or over night at 4°C. The first antibody binds specifically to the protein
which should be detected. Excessive antibody was removed in three washing steps with TBS-Tween
for 10min each. The second antibody which binds the first antibody and which is fused to the Alkaline
Phosphatase (AP) was added and incubated for at least 1h at room temperature. Excessive antibody
was again removed by three washing steps with TBS-Tween for 10min each. Subsequently to the
equilibration of the PVDF-membrane in staining buffer for 5min the staining with the staining solution
was executed. The staining solution contains 5-Bromo-4-chloro-3-indolyl phosphate (BCIP) and
nitroblue tetrazolium (NBT). BCIP is oxidized by the AP to a blue indigo-dye whereas the BCIP
oxidation leads to the reduction of NBT and therefore to the generation of a blue formazan-dye. The
staining reaction was stopped by washing with MilliQ water as soon as clear band were visible. For
documentation the PVDF-membrane was dried and scanned. Alternatively to the use of two antibodies

just one antibody was applied when it was specifically binding to the tag and already fused to the AP.
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3.4.9 Extraction of ions from dried plant material

To obtain dry plant material, the plant material of which the fresh weight was determined was wrapped
in aluminum foil and dried at 80°C for several days. The dry weight was determined and the plant
material transferred to 1.5mL reaction tubes. Glass beads of 1.25-1.65mm were added and the plant
material grinded. 1mL 1M HNOs was added per 0.3g fresh weight. The samples were incubated over

night at room temperature. Plant fragments were removed by centrifugation with 13000rpm for 1min.

3.4.10 Flame photometric measurement of Na*-, K*- and Ca?*-concentration

As described on www.sherwood-scientific.com compounds of the alkali and alkaline metals are
thermally dissociated into atoms at the temperature of a Bunsen burner flame and some of these
atoms are further excited to a higher energy level. When these “excited” atoms return to the ground
state, they emit radiation, which for the elements of these two groups lies mainly in the visible region of
the electromagnetic spectrum. The wavelength of the light emitted from the flame is characteristic for
the particular element. The intensity of this light is mainly proportional to the absolute quantity of the
species present in the flame. The emitted radiation is isolated by an optical filter and then converted to
an electrical signal by the photo detector.

For the measurement of the concentration of Na*, K* and Ca?* which were extracted from dried plant
material with 1M HNOs the extracts were diluted in the ratio 1:20. Before the ion concentration in the
samples could be determined a respective reference curve was generated. For potassium-ions a
reference curve was generated using KCI solutions in the concentrations 100uM, 200uM, 500uM,
1000uM and 2000uM. For sodium- and calcium-ions reference curves were generated using NaCl or
CaClz solutions respectively in the concentrations 20puM, 50uM, 100puM, 200pM and 500uM. As the
optical filter has to be changed for each metal the generation of the reference curve and the
measurement of the respective ion-concentration in the samples were executed consecutively.

The reference curves provided the relationship between the ion-concentration and the displayed value
of the Sherwood flame photometer (model 410) for the different ions. Using the formula of the
regression line the displayed values were calculated to the respective ion-concentration. The ion-
concentration was normalized to the dry weight of plant material. 9-12 biological replicates per
Arabidopsis thaliana line and treatment which were grown contemporaneously were measured and

data averaged.
3.5 Bioinformatical methods

3.5.1 Prediction of protein domains
For the analysis of a protein’s amino acid sequence in regard to putative domains like transmembrane
or kinase domains the amino acid sequence in the FASTA-format was submitted to elm.eu.org for

domain prediction.

3.5.2 Search for similar sequences and phylogenetic analysis
To identify proteins with a similar nucleotide or amino acid sequence like AHK1 different BLASTs were
executed using https://blast.ncbi.nlm.nih.gov/Blast.cgi. The AHK1 nucleotide sequence in FASTA-

format was used as query sequence for blastn. Somewhat similar sequences were searched in the
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databases “Nucleotide collection (nr/nt)”, “Expressed sequence tags (est)’, “Genomic survey
sequences (gss)”, and “Whole-genome shotgun contigs (wgs)” for the respective organism. The AHK1
full length amino acid sequence as well as the amino acid sequence of the AHK1 extracellular domain
(AHK1-ED) was used as query to run blastp and tblastn searching in the previously described
databases for the respective organisms.

For the phylogenetic analysis of AHK1-ED the identified sequences were all translated to their amino
acid sequence. For all amino acid sequences a prediction of protein domains was executed.
Subsequently the sequences were reduced to their predicted transmembrane domains including their
extracellular domain. These sequences were then aligned with the CLUSTAL multiple sequence

alignment tool MUSCLE 3.8. The output is the sequence alignment as well as a phylogenetic tree.

3.5.3 Modeling of the AHK1-ED structure (by Michael Hothorn)

The modeling of the AHK1 extracellular domain (AHK1-ED) is based on the structure of the sensor
domain of AHK4 (pdb id: 3T4J). The homology model of AHK1-ED was modeled with “Modeller”
(https://salilab.org/modeller/) according to an alignment which was generated with “HHPRED”

(https://toolkit.tuebingen.mpg.de/hhpred/).
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4 RESULTS

During my Ph.D. thesis | was working on the molecular characterization of the Arabidopsis thaliana
histidine kinase 1 (AHK1). This work can be divided into different parts, comprising tissue-specificity of
AHK1 expression and the subcellular localization and dynamics of AHK1, the evolutionary
conservation of the AHK1 extracellular domain (ED) and steps towards the elucidation of its structure
and the identification of its perceived signal, the finding of conditions when ahkl knock down mutants
show a reproducible phenotype in comparison to the wildtype as well as the analysis of AHK1-
dependent changes in the phosphoproteome and the study of the molecular mechanisms of AHK1
signaling.

Additionally 1 have contributed to a phosphoproteomic study in which it was investigated which
influence short term kinetin treatment has on the phosphoproteome in the wildtype Col-0 as well as in
the cytokinin-receptor knock down mutant ahk2 ahk3.

The molecular characterization of AHK1 as well as the study of the phosphoproteome of ahk2 ahk3
after short term kinetin treatment allows new insights into the network of hormones, signaling pathways

and mechanisms of their regulation.
4.1 Molecular characterization of AHK1

4.1.1 Expression and subcellular localization of AHK1

4.1.1.1 AHK1 expression

In the study of Urao et al. (1999) GUS-stained stable Arabidopsis thaliana lines containing an AHK1-
promoter B-glucuronidase (GUS) fusion construct showed that the AHK1-promoter mediates strong
GUS-activity in leaf bases and roots of rosette plants when the plants were exposed to either high- or
low-osmolarity solutions but just weak GUS-activity when the plants were exposed to isotonic solutions
or when the plants were untreated. Together with RNA gel blot analysis they could draw conclusions
about rough localization of AHK1 expression and semi-quantitative promoter activity.

To address the question about tissue-specificity of AHK1-promoter activity and to have the opportunity
to investigate it in vital plants the construct of Katharina Caesar, in which 2074bp upstream of AHK1'’s
ATG is fused as promoter (AHK1p,) to a mCherry which is linked to a nuclear localization signal (NLS)
to concentrate the signal of low expression levels (fig. 4.1 A), was stably transformed into Arabidopsis
thaliana Col-0 ecotype and progenated until homozygous lines could be obtained.

The analysis of this line revealed different AHK1p, activity in light-grown and etiolated seedlings. In
three day old light-grown seedlings AHK1p, activity could be detected in the cotyledons, in the
vascular tissue of the lower part of the hypocotyl as well as in the vascular tissue of the differentiation
zone of the root. In the meristematic, the transition and elongation zone of the root no AHK1,, activity
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could be revealed by nuclear mCherry signal (fig. 4.1 B). In three day old etiolated seedlings AHK 1o
activity could be revealed in the cotyledons and in the vascular tissue of the hypocotyl and of the root.
Thereby it has to be pointed out, that the section of the hypocotyl in which AHK1, activity could be
detected is much bigger in etiolated seedlings than in light-grown seedlings and that the part of the
root in which AHK 1, activity could be shown is bigger in light-grown seedlings. When the seedlings
were grown on different concentrations of mannitol, light-grown as well as etiolated seedlings still
show AHKZ1,, activity in the cotyledons and in the vascular tissue in the same sections of the

hypocotyl and root as in the control samples (appendix A10, All).

A C

B

figure 4.1:  Activity of the AHK1-promoter in Col-0 seedlings.

(A) To analyze the tissue specificity of the AHK1-promoter (AHK1pr, White) it was fused to mCherry (red)
and a nuclear localization signal (NLS, grey) in a binary plant vector and stably transformed into
Arabidopsis thaliana Col-0. The tissue specificity of AHK1pro activity and mCherry expression was analyzed
in three day old light-grown seedlings (B) and three day old etiolated seedlings (C) with confokal
microscopy. The single pictures were assembled to obtain a whole picture of the whole seedling. Shown
are brightfield overview images of the seedlings as well as close ups (1-5) which show brightfield images
and mCherry signal (red). The bars in the overviews give 1mm, the bars in the close ups 0.05mm. Stars
mark nucleic mCherry signal.

4.1.1.2 Subcellular localization of AHK1

Katharina Caesar could show in previous studies that AHK1 localizes to the plasma membrane and to
vesicle-like structures. To clarify the identity of these vesicle-like structures AHK1-GFP was transiently
co-expresssed under the control of the CaMV 35S- (Odell et al. 1985) or the B-estradiol inducible
promoter lexA#635S (Zuo et al. 2000) together with endosomal markers which were described in
Nelson et al. (2007) or obtained by Peter Pimpl in N. benthamiana. AHK1-GFP did neither co-localize
with the peroxisomal marker CD3-983 px-rk (fig. 4.2 A), GOT1-mCherry as marker for the golgi (fig. 4.2
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C) nor VTI12-mCherry as marker for the trans-golgi-network and early endosomes (fig. 4.2 D). Co-
localization could be revealed for AHK1-GFP and CD3-967 g-rk as golgi marker (fig. 4.2 B), RabD2a-
mCherry as marker for endosomes and the golgi-system (fig. 4.2 E), ARA6-mCherry as marker for late
endosomes and prevacuolar compartments (fig. 4.2 F), PEP12-mCherry as marker for the post-golgi

compartment (fig. 4.2 G) and with RabA5d-mCherry as marker for the recycling endosome (fig. 4.2 H).

E
AHK1-GFP ARA6-mC

AHK1-GFP > [GOT1-mC > [merge

figure 4.2:  Subcellular localization of AHK1-GFP

Transient expression of AHK1-GFP with (A) the peroxisomal marker CD3-983 px-rk; (B) the golgi-marker
CD3-967 g-rk; (C) the golgi-marker GOT1-mC; (D) VTI12-mC as marker for the trans-golgi-network and
early endosomes; (E) RabD2a-mC as marker for endosomes and the golgi-system; (F) ARA6-mC as
marker for late endosomes and prevacuolar compartments; (G) PEP12-mC as marker for the post golgi
compartment and with (H) RabA5d-mC as marker for the recycling endosome. (A, B) were obtained from
Andreas Nebenfluhr. The markers are fused with RFP and under the control of the CaMV 35S-promoter.
These marker constructs were co-transformed into N. benthamiana with AHK1-GFP is under control of the
CaMV 35S-promoter (pH7FWG2-AHK1). (C-H) The markers for organelles fused with mCherry (mC) were
obtained from Peter Pimpl who used the B-estradiol inducible promoter lexA“¢35S (Zuo et al. 2000). These
marker constructs were co-transformed with AHK1-GFP under control of the lexA#635S promoter (pABind-
AHK1-GFP). The subcellular localization was analyzed two days after transformation (A-H) and 4-24h after
B-estradiol induction (C-H). The tobacco leaves were mounted in water. White outlined arrows mark
vesicle-like structures which do not show co-localization, white arrows mark co-localization. The scale in all
images is 20um.

The same localization pattern could be observed after mounting of the tobacco leaf discs in 0.8M

mannitol except for GOT1-mCherry, which in contrast to mounting in water shows co-localization with
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AHK1-GFP and RabA5d-mCherry which did not show co-localization any more (appendix A12). AHK1-

GFP did neither localize to the endoplasmic reticulum, mitochondria nor plastids (appendix A13).

4.1.2 Signal perception of AHK1

AHK1 was suggested to be a mechano-sensitive osmosensor but nothing was really known about the
mechanisms of the perception of osmotic stress. To get a hint about the mechanism, the extracellular
domain of AHK1 (AHK1-ED) as putative site of signal perception, comprising amino acid 100-446, was

analyzed in regard to the evolutionary conservation of the amino acid sequence as well as in structure.

4.1.2.1 Evolutionary conservation of the extracellular domain of AHK1

Urao et al. (1999) revealed that in Arabidopsis thaliana AHK1 shows the highest degree of similarity to
CKI1 and that the histidine kinase and receiver domain show high similarity with SLN1 in
Saccharomyces cerevisiae. As in other sensor hybrid histidine kinases like the cytokinin receptors
AHK2, AHK3 and AHK4 the signal is perceived with the use of the CHASE domain which is located
between the two transmembrane domains (figure 4.12) an importance of the extracellular domain of
AHK1 (AHK1-ED) for signal perception was suggested. Different sequence alignments of the
sequences which are located between the two transmembrane domains revealed that the sequence
similarity of SLN1 to CKI1 (appendix A15) is bigger than to AHK1 (appendix A16) and the sequence
similarity of AHK1 to CKI1 (appendix Al7) is bigger than to SLN1 (appendix A16) indicating that AHK1
might not be an ortholog of SLN1. An alignment of the domain between the extracellular domains of
AHK1, CKI1 and SLN1 is shown in appendix A18 and did not show an increased similarity. In an
additional analysis of sequence similarities the amino acid sequence of AHK1-ED including the
predicted transmembrane domains (aa 77-99, aa 447-469) was used as query to run blastp and tblastn
against different species.

In Aquilegia coerulea, Coleochaete orbicularis, Cyanophora paradoxa, Oryza sativa, Picea abies,
Saccharomyces cerevisiae, Spirogyra pratensis and Zea mays there were no sequences found which
are similar to AHK1 but in Marchantia polymorpha (Mp), Medicago truncatula (Mt), Physcomitrella
patens (Pp), Populus trichocarpa (Pt), Selaginella moellendorffii (Sm), and Vitis vinifera (Vv).

With the CLUSTAL multiple sequence alignment tool MUSCLE 3.8 it could be shown that 63 (18.15%)
of the 347 amino acids of the AHK-ED without the transmembrane domains and its similar sequences
are identical and 71 (20.46%) are highly conserved from moss and moss fern up to the dicotyledon

tree Populus trichocarpa.

figure 4.3:  (next side): Conservation of the extracellular domain of AHK1 (AHK1-ED)

CLUSTAL multiple sequence alignment by MUSCLE (3.8) of the amino acid sequences of Arabidopsis
thaliana (At) AHK1-ED (aal00-446) and similar sequences from Selaginella moellendorffii (Sm),
Physcomitrella patens (Pp), Marchantia polymorpha (Mp), Vitis vinifera (Vv), Medicago truncatula (Mt) and
Populus trichocarpa (Pt). Predicted transmembrane domains (AHK1-ED: aa77-99; aa447-469, dark grey)
were included in the alignment. Identical residues (*) are shaded in grey. Highly conserved residues are
designated with “:”, weakly conserved residues with “.”. The sequence of the PAS-domain in AHK1-ED is
marked with fat letters. Sequences which, according to the homology model of Michael Hothorn, putatively
form a-helices or 3-sheets are highlighted above the sequences in blue and yellow.
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At least 38 (10.95%) amino acid residues could be identified as weakly conserved (fig. 4.3). 39
(61.90%) of the identical amino acid residues are nonpolar, 15 (23.80%) are polar, 6 (9.52%) are basic
and 3 (4.76%) are acidic. The predicted Per-Arnt-Sim (PAS) domain which consists of 119 amino acid
residues of AHK1-ED comprises 10 of in total 63 amino acid residues which are identical in all
sequences which are similar to AHK1-ED, 20 of 71 which are highly conserved and 9 of 38 which are
weakly conserved. The average size of the identified sequences with similarity to AHK1-ED is 355
amino acids with 10 amino acids more or less whereas the putative extracellular domain of SLN1
comprises 288 amino acids. The inclusion of SLN1 to the multiple sequence alignment with the AHK1-
ED orthologs leads to a massive reduction in conserved residues (appendix A14) which implicates that
SLN1 confirms the finding that SLN1 might not be an AHK1 ortholog.

4.1.2.2 Homology model of the extracellular domain of AHK1
Based upon just 13% sequence similarity to AHK4, Michael Hothorn could derive a homology model
for the structure of the extracellular domain of AHK1 (fig. 4.4).

A B

~10nm

6-10nm

figure 4.4:  Homology model of the extracellular domain of AHK1

The construction of the homology model of the extracellular domain of AHK1 (AHK1-ED; amino acid 101-
447) is based on the 13% sequence similarity of AHK1 and AHK4. (A) shows the tertiary structure of
AHK1-ED. The predicted PAS domain is highlighted in turquoise and the residues which are identical in all
of the identified similar sequences of AHK1 are assigned in red. (B) The tertiary structure shows a
combination of a-helices (blue) and B-sheets (yellow). The depicted amino acid residues are those which
are identified in all sequences similar to AHK1-ED. (C) Close up of the ,neck” region of AHK1-ED. (D)
Tertiary structure of the PAS domain including a-helices (blue) and B-sheets (yellow) comprising the
identical residues of the similar sequences of AHK1-ED.

The model shows the amino acid sequence starting with aal00 of AHK1 full-length protein after the
first predicted transmembrane domain reaching to aa440 which is the aa before the second predicted

transmembrane domain. Starting from aal00, the sequence first forms two a-helices which build a kind
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of backbone for the AHK1-ED. At the plasma membrane distal end of this a-helix backbone the
predicted PAS domain (aal64-282) is formed (fig. 4.4 A, turquoise) comprising two a-helical structures
as well as four B-sheets (fig. 4.4 D). Three additional B-sheets are involved in this distal part of the
AHK1-ED. The plasma membrane proximal part of the AHK1-ED is formed by five a-helices and seven
B-sheets (fig. 4.4 B).

From aa440 the amino acid sequence passes the plasma membrane again to the cytosolic carboxy
terminus. The plasma membrane distal and proximal parts are connected by two a-helices building a
kind of “neck” region. This region is stiff and not bendable which might be due to interactions of the
highly conserved residues Trp186, Leu199 and Leu323 (fig. 4.4 C).

The size of the AHK1-ED is ~10nm with a maximum diameter of ~5nm. The 63 amino acid residues
which are identical in the similar sequences of AHK1-ED (fig. 4.3) are distributed all over the structure
(fig. 4.4 A) indicating a high importance for the signal perception. According to the putative structure a
mechanical perception of osmotic stress by AHKL1 is unlikely. The identification of the PAS domain as

well as the putative structure supports the idea of a low-molecular ligand binding to AHK1.

4.1.2.3 Expression of AHK1-ED in Escherichia coli for CD-spectroscopy, crystallization and
ligand fishing
The nucleotide sequence of AHK1-ED encoding aa99-446 of the AHK1 full length protein has been
codon-optimized for expression in Escherichia coli by the company GenScript (USA) resulting in the
vector construct pUC57-AHK1-ED. In this vector the nucleotide sequence of AHK1-ED was extended
with a 5’-ATG and a 3’-double stop codon as well as recognition sites for the restriction endonuclease
Notl at the very 5-end and Ncol at the 3’-end which were subsequently used for the cloning of the
codon-optimized sequence into the E. coli expression vector. The vector pMH-HSsumo-AHK1-ED for
the expression of AHK1-ED under the control of a T7-promoter in E. coli was generated by classical
cloning, fusing a His-tag, Strepll-tag and a small ubiquitin-related modifier (SUMO) to the amino
terminus of AHK1-ED how it was described for AHK4 by Hothorn et al. (2011). In addition to AHK1-ED,
the conserved Leu298 and Leu422 in the “neck”-region of AHK1-ED were mutated by site-directed
mutagenesis on pUC57-AHK1-ED to Ala leading to pUC57-AHK1-ED-Leu298/422Ala and pMH-
Ssumo-AHK1-ED-Leu298/422Ala. These mutations might influence the structure of AHK1-ED and
might lead to an extracellular domain which is incapable of signal perception. The expression of the
AHK1-ED fusion protein worked in Origami-2 (DE3) cells (appendix A19). With the use of the
expression vectors pMH-Ssumo-AHK1-ED and pMH-Ssumo-AHK1-ED-Leu298/422Ala, the AHK1-ED
and AHK1-ED-Leu298/422Ala fusion protein was expressed by GeneCust (L) with a purity of 80%
(appendix A20). These proteins were then used for Circular Dichroism (CD)-spectroscopy in
cooperation with Thilo Stehle and Volker Niemann to verify the secondary structure of the homology
model of Michael Hothorn. Unfortunately the CD-spectroscopy did not work due to the high
absorbance of sodium lauroyl sarcosine in the protein storage buffer. A change of buffer led to the
almost complete loss of protein. The expression vector for the AHK1-ED fusion protein was further
used for expression and native protein extraction by Thomas Drechsler to obtain protein for

crystallization and ligand fishing as well as for antibody production (Drechsler, 2015).
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4.1.3 AHK1-dependent signal transduction and adaption of the plants
When a certain signal is perceived by a receptor, signal transduction takes place, leads to altered gene
expression and finally to an adaption of the plant to the altered surrounding. In previous studies ahkl

knock down alleles in Arabidopsis thaliana were shown to have certain phenotypes.

4.1.3.1 Stomata

Kumar et al. (2013) showed that the ahkl knock down lines ahk1-1, ahk1-5 as well as ahk1-6 had an
increased abaxial stomatal index in comparison to the respective wildtype in 5-6 week old plants. In
this study, this could also be shown for the cotyledons of three day old seedlings of ahkl knock down
alleles in the Ws-2 ecotype whereas ahk1-3/35S::AHK1-GFP showed a higher significance of
increased stomatal index in comparison to the wildtype than the knock down lines (fig. 4.5). Thereby,
in this study seedlings were used as it was tried to investigate stomatal development under normal and
osmotic stress conditions as it was described in Kumari et al. (2014). Unfortunately, stomatal density
and stomatal index of mannitol stressed plants could not be determined as too many cells in each
sample were damaged due to mannitol stress for which reason no proper outline of the cells could be

imaged with the use of staining with neither propidium iodide nor FM4-64 and confokal microscopy.
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figure 4.5:  Number of stomates and epidermal cells in ahk1 knock down lines

Abaxial stomatal density (A), epidermal cell density (B) and stomatal index (C) of cotyledons of three day
old seedlings. The cell walls of the cells have been stained with propidium iodide, images were taken using
confokal microscopy (SP2) and used for the counting of cells. Data were obtained from one experiment
with six cotyledons per line. Shown are mean values and standard deviations. Stars above bars show
statistical significance of difference to the wildtype. Significance was calculated using student's ttest.
*p<0.05; **p<0.01; **p<0.0001

4.1.3.2 Root growth of ahk1 plants

Wohlbach et al. (2008) and Kumar et al. (2013) who were working with ahk1l knock down alleles in
different ecotypes obtained contradictory results in regard to root growth during osmotic stress
conditions indicating a positive or rather negative effect of AHK1 on osmoregulation whereas they used
different methods and growth conditions. Therefore the root growth of the ahkl knock down alleles was

further investigated.
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figure 4.6: Total root length of non-stressed

14 ahk1 knock down lines
Shown is the total root length in mm of four day old
12 seedlings of ahkl knock down alleles in the three
ecotypes Nos-0, Ws-2 and Col-0. The ecotypes
T 10 1 are separated by dashed lines. The seedlings
£ g - grew on half strength MS salts with 2mM MES and
< 1% phytoagar at constant light conditions and the
oo .
c root length has been measured with the use of
QL 6
P ImageJ. Shown are the mean values and standard
o 4 - deviations of at least 21 seedlings per line and
experiment. For the Nos-0 and Col-0 ecotype one
> experiment was executed, for the Ws-2 ecotype
data of seven replicates were averaged. Student's
0 - t-test was used to calculate statistical significance.
© S, o™ g0 ! v The stars above the bars display the significance:
s ¥i1z ¥ Z1g8 £ = **pn<0.01; **p<0.001. Brackets around stars
=2 < < < < < . . . .
[ © © © ®© display that the significance has been shown in a

single experiment.

First, the total root length of four day old seedlings of ahkl knock down alleles in the three different
ecotypes Nos-0, Ws-2 and Col-0 was analyzed (fig. 4.6). In a single experiment with at least 21
seedlings per line ahkl-1 in the Nos-0 ecotype and ahk1-6 in the Col-0 ecotype showed significantly
shorter roots than their wildtypes whereas ahk1-5 did not show this difference. In averaged data of
seven replicates with at least 21 seedlings per line ahkl1-3 and ahkl-4 in the Ws-2 ecotype did not
show a difference in root length in comparison to their wildtype. The total root length of the different
ecotypes was generally similar and did not show any significant difference.

Wohlbach et al. (2008) used sorbitol media for osmotic stress treatment and did not investigate the
total root length but the mean percentage of root elongation which was calculated based on a non-
stressed control root. Thereby, ahk1-3 and ahkl1-4 showed a reduced percentage of root elongation in
comparison to their wildtype. In this study, in one experiment with at least 20 seedlings per line and
treatment the results of Wohlbach et al. (2008) could not be reproduced. After four days growth on
sorbitol-supplemented media the root elongation generally decreases with increasing amounts of
sorbitol. The ahkl knock down alleles ahk1l-3 and ahkl-4 did not show a difference in the mean
percentage of root elongation based on a non-stressed control root in comparison to the wildtype Ws-2
(fig. 4.7 H). The same is true for ahkl-6 and Col-0 whereas ahkl-5 showed a reduced mean
percentage of root elongation on 100mM and 400mM sorbitol (fig. 4.7 ). The mean percentage of root
elongation based on a non-stressed control root of ahk1-1 in comparison to the wildtype Nos-0 was
increased on 200mM and decreased on 400mM sorbitol (fig. 4.7 G).

Kumar et al. (2013) used a different method to quantify root elongation upon osmotic stress. They did
not analyze the total root length but the total root elongation of seedlings in eight days growth on
osmotic stress media. In this study, the total root elongation was determined four days after the
transfer and also showed a general decrease in root elongation upon increasing amounts of sorbitol.
The ahk1 knock down allele ahk1-1 showed an increased root elongation on OmM, 50mM, 100mM and
200mM but a decreased root elongation on 400mM sorbitol in comparison to its wildtype Nos-0 (fig. 4.7

D). In the Ws-2 ecotype the ahk1-3 and ahk1-4 showed an increased root elongation in comparison to
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their wildtype on OmM, 50mM, 100mM and 200mM sorbitol whereas no significant difference could be
detected for the root elongation on 400mM sorbitol (fig. 4.7 E). In the Col-0 ecotype ahk1-5 showed a
decreased root elongation in comparison to the wildtype on 100mM and 400mM sorbitol. ahk1-6
showed an increased root elongation on OmM and 50mM as well as a decreased root elongation on
400mM sorbitol (fig. 4.7 1).
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figure 4.7:  Root elongation of ahkl knock down lines in different ecotypes during sorbitol stress.

The ahkl knock down alleles in the Nos-0 (A, D, G), Ws-2 (B, E, H) and Col-0 (C, F, 1) ecotype were grown
for four days on half strength MS salts at constant light conditions, were then transferred to sorbitol-
supplemented media and grown for additional four days. The root elongation was analyzed with the
method of Kumar et al. (2013) showing the total root elongation (D, E, F) and the method of Wohlbach et
al. (2008) showing the mean percentage of root elongation based on a non-stressed control root (G, H, I).
(A) gives the color code for (D) and (G), (B) gives the color code for (E) and (H), (C) gives the color code
for (F) and (l). The labeling of the y-axis in (D) is also valid for the y-axes in (E) and (F) the labeling of the
y-axis in (G) is also valid for the y-axes in (H) and (I). Shown are mean values and standard deviations of
one experiment with at least 20 seedlings per line and treatment. Student's t-test was used to analyze
statistical significance of differences. Stars above the bars display statistical significance in comparison to
the respective wildtype. *p<0.05; **p<0.01; ***p<0.001. Brackets around stars display that the significance
has been shown in just one experiment.

In summary the ahk1 knock down alleles in the Nos-0 and Ws-2 ecotype showed a generally increased
root elongation in comparison to their wildtypes on the control media as well as on osmotic stress
media. This could not be shown in the Col-0 ecotype. In contrast, the root elongation of the ahk1 knock
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down alleles in the Nos-0 and Col-0 ecotype on 400mM sorbitol is decreased in comparison to their
wildtype which could not be shown in the Ws-2 ecotype. This indicates that osmotic stress or at least
sorbitol is not causing the difference in root elongation. Furthermore, the method which is used for the
analysis of root growth during osmotic stress gives different results for the same raw data.

Another possibility to apply osmotic stress is the use of mannitol. Mannitol has also been used in
previous studies about AHK1 by Katharina Caesar. Therefore it was tested whether the root elongation
of the ahk1 knock down alleles behaves similar during mannitol stress like during sorbitol stress at the
same growth conditions. It could be revealed that this is the case.

In one experiment with at least 20 seedlings per line and treatment a general decrease in root
elongation could be correlated to increasing amounts of mannitol like previously shown with sorbitol. A
decrease in the mean percentage of root elongation based on a non-stressed control root in
comparison to the respective wildtype could be detected for ahkl-1 grown on 50mM mannitol
(appendix A21 G), for ahkl1-3 grown on 200mM and 400mM mannitol (appendix A21 H), for ahk1-4
grown on 50mM, 200mM and 400mM mannitol (appendix A21 H), for ahkl-5 grown on 400mM
mannitol (appendix A21 I) and for ahk1-6 grown on100mM and 200mM mannitol (appendix A21 I). An
increase could be shown exclusively for ahk1-5 grown on 100mM mannitol (appendix A21 1).

In total root elongation ahk1-1 showed a general increase in comparison to its wildtype (appendix A21
D). In the Ws-2 ecotype ahk1-3 showed an increased root elongation in comparison to the wildtype on
OmM and 100mM mannitol, whereas ahkl-4 showed an increased root elongation on OmM and a
decreased root elongation on 400mM mannitol (appendix A21 E). In the Col-0 ecotype an increased
root elongation was detected for ahk1-5 grown on 100mM mannitol and for ahk1-6 grown on OmM and
50mM mannitol. On 400mM mannitol the root elongation of ahk1l-5 and ahkl1-6 was decreased in
comparison to the wildtype (appendix A21 F).

The root elongation of ahkl knock down alleles on mannitol-supplemented media is as contradictory
as the root elongation on sorbitol.

So far the root elongation was analyzed in eight day old seedlings which have been grown on osmotic
stress media for four days. Wohlbach et al. (2008) analyzed the mean percentage of root elongation in
eight day old seedlings after five days growth on osmotic stress media whereas Kumar et al. (2013)
analyzed the root elongation in twelve day old seedlings after eight days of growth on stress media.
Hence, the root elongation on mannitol-supplemented media of ahk1-3, ahkl-4 and ahkl-
3/35S::AHK1-GFP in comparison to the wildtype Ws-2 was analyzed four and eight days after the
transfer of four day old seedlings and compared.

Averaged data of three experiments with at least 19 seedlings per Arabidopsis thaliana line and
treatment did not show any significant difference in total root elongation (fig. 4.8 B, C) or in the mean
percentage of root elongation based on a non-stressed control root (fig. 4.8 D,E) after neither four (fig.
4.8 B, D) nor eight days (fig. 4.8 C, E) of osmotic stress treatment. Like in previous experiments a
general decrease in root elongation upon increasing osmotic stress could be observed.

The osmotic stress dependent difference in root elongation of ahkl knock down alleles how it was
described by Wohlbach et al. (2008) and Kumar et al. (2013) could not be shown in additional

replicates of the mannitol stress experiment.
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figure 4.8:  Comparison of the root elongation of ahk1l mutants in four and eight days of mannitol stress
Ws-2 (dark grey), ahk1-3 (light grey), ahk1-4 (medium grey) and ahk1-3/35S::AHK1-GFP (darkest grey)
were grown on half strength MS salts without mannitol for four days at constant light conditions and then
transferred to mannitol-supplemented media. Four days (4dat; B, D) and eight days (8dat; C, E) after the
transfer the root elongation was measured. Neither the analysis with the method of Kumar et al. (2013) (B,
C) showing the total root elongation nor the method of Wohlbach et al. (2008) (D, E) showing the mean
percentage of root elongation based on a non-stressed control root could show a significant difference of
the root elongation of ahkl mutants in the Ws-2 ecotype after four (B, D) and eight days (C, E) of mannitol
treatment. Shown are mean values and standard deviations of three experiments with at least 19 seedlings
per line and treatment. (A) gives the color code for (B), (C), (D) and (E).

Dependent on the season when the root growth was investigated contrary results were obtained (fig.
4.9). In three experiments (exp.1-3) which were executed during winter time the root length (fig. 4.9 B)
and elongation (fig. 4.9 D) of ahk1-3 and ahk1-4 was increased in comparison to the wildtype whereas
in three experiments in summer time (exp.4-6) the total root length after (fig. 4.9 B) and the root
elongation (fig. 4.9 D) in four days of growth on osmotic stress of ahk1-3 and ahk1-4 was not changed
in comparison to the wildtype whereby the plants were grown in the same phytochamber with same
settings and experimental setup. Still, in summer time the phytochamber had problems to reduce the
temperature to the set value. For a better comparison of the root length and elongation between the
different experiments the root length and elongation of the ahkl knock down lines was normalized to

the respective wildtype root which grew at the same conditions. The averaged data of all replicates do
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not show a difference in root length (fig. 4.9 C) and root elongation (fig. 4.9 E) between ahkl knock
down alleles and their wildtype upon osmotic stress treatment.

In summary the root growth phenotypes for the ahkl knock down alleles were contradictory in the
respective publications and could not be reproduced in this study. This arose the question about the

components of the AHK1 signal transduction pathway and a reproducible AHK1-dependent phenotype.
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figure 4.9:  Root growth of ahkl knock down lines is not stably reproducible during mannitol stress.

(A) gives the color code for (B) to (D). Eight day old seedlings of ahkl knock down lines which have been
grown on mannitol-supplemented media for four days do not show a stably reproducible phenotype during
mannitol stress. Shown is the mean percentage of the total root length (B, C) and the mean percentage of
root elongation (D, E) with the respective standard deviation of six experiments with at least four (exp. 1-3)
or 19 (exp. 4-6) eight day old seedlings per line and treatment. Experiment 1-3 (exp.1-3) have been
conducted during winter time, experiment 4-6 (exp. 4-6) during summer time. (B) and (D) show the season
dependence of the results, (C) and (E) show the mean values of all experiments. The mean value of the
root length as well as the root elongation of the respective wildtype was defined as 100%. Student's t-test
was used to calculate statistical significance within the defined experiments. Stars above the bars indicate
the statistical significance of difference to the respectively treated wildtype: *p<0.05; **p<0.01; ***p<0.001
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4.1.3.3 Phosphoproteome of ahk1-3 and its wildtype Ws-2

AHK1 is part of the multistep phosphorelay system in plants in which the signal is usually transduced
by the transfer of one phosphate from histidine (His) to aspartate (Asp) residues which finally changes
the activity of response regulators and subsequently regulates gene expression. The phosphorylation
of His and Asp is biochemically not as stable as serine (Ser)/threonine (Thr) or tyrosine (Tyr)
phosphorylation and a direct transfer of the phosphate from His or Asp to Ser/Thr or Tyr is not possible
(Sanders et al., 1989) but as it is known from the osmotic stress signaling HOG-pathway in yeast
(Reiser et al., 2003) as well as from the ethylene signaling pathway in plants (Merchante et al., 2013) a
transition from the multistep phosphorelay system to a classical phosphorylation cascade can occur.
To analyze whether such a transition also occurs AHK1-dependent upon osmotic stress in Arabidopsis
thaliana, the phosphoproteome of ahk1-3 was compared to the wildtype (wt) Ws-2 after 10min of 0.3M
mannitol or mock treatment in a reciprocal metabolic labeling experimental design as well as in a non
labeling experimental design.
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In these experiments, which have been executed by Waltraud X. Schulze, peptides with specific
phosphorylation patterns (phosphopeptides) at Ser, Thr or Tyr residues were identified and quantified
by mass spectrometry. The logz-value of the ratio of normalized phosphopeptide ion intensities of
ahk1-3 and the wildtype Ws-2 simplifies the analysis whether a phosphopeptide is more abundant in
ahk1-3 (log2>0) or in the wildtype (log2<0). The altered abundance of phosphopeptides is further
termed differentially phosphorylated whereas a logz-value above 1.0 or beyond -1.0 which indicates a
two times higher or respectively lower abundance of the phosphopeptide in ahk1-3 in comparison to
the wildtype was chosen as threshold. This threshold was chosen as due to insufficient data points for
the ttest it was not possible to calculate the significance of difference for each phosphopeptide and
because for the experiment without labeling it has to be taken into account that proteins from the
different samples were extracted, further processed and analyzed independently for each line and
treatment which can lead to quantitation errors. In figure 4.10 the distribution of log: ratios for all
experiments is illustrated. It reveals a differential phosphorylation between ahk1-3 and the wildtype
upon mannitol and mock treatment indicating an AHK1-dependent transition from the multistep
phosphorelay system to classical phosphorylation cascades. Additionally a general and mannitol-

dependent differential phosphorylation could be observed in ahk1-3 as well as in the wildtype. A high
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range of logz-values could be shown especially for phosphopeptides which were quantified in the
metabolic labeling experiment with mannitol treatment.

In these experiments in total 3022 phosphopeptides were quantified (fig. 4.11) whereas 1055
phosphopeptides were quantified in the reciprocal metabolic labeling experiment with ahk1-3 and the
wildtype after mannitol treatment (appendix A33). In the reciprocal metabolic labeling experiment with
ahk1-3 and the wildtype just 140 phosphopeptides could be quantified after mock treatment (appendix
A34). In the experiment without labeling but after mannitol and mock treatment of ahk1-3 and the

wildtype 1827 phosphopeptides were quantified (appendix A35).

quantified phosphopeptides
(3022)
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(909) differential mock
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figure 4.11: Functional categorization of the quantified phosphopeptides.

Functional categorization of phosphopeptides which were quantified in experiments with metabolic labeling
and without labeling. In total 3022 phosphopeptides were quantified and categorized according to their
function to the categories cell.organisation (dark blue), cell.vesicle transport (red), development (dark
green), protein.degradation (dark violet), protein.posttranslational modification (petrol), RNA, regulation of
transcription (orange), signaling (light blue), stress (rosé), transport (light green) and others (light violet).
The category “others” comprises cell wall, cell, DNA, gluconeogenesis/glyoxylate cycle, glycolysis, metal
handling, microRNA, misc, protein, photosynthesis, redox, RNA, TCA/org transformation, not assigned,
secondary metabolism and metabolism of amino acids, carbohydrates, nucleotides, nitrate, hormones,
lipids, Co-factors and vitamins. Differential mannitol and differential mock describes phosphopeptides
which show a logz-value above 1.0 or beyond -1.0. The phosphopeptides of “differential mannitol (909)”
were subgrouped into “more in ahk1-3 (435)” and “less in ahk1-3 (474)” whereas the phosphopeptides of
“differential mock” were subgrouped into “more in ahk1-3 (77)" and “less in ahk1-3 (49)". Same colors
designate the same functional category.
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After mannitol treatment in total 909 phosphopeptides were differentially phosphorylated in ahk1-3 in
comparison to wt whereas 435 peptides showed more and 474 showed less phosphorylation (fig.
4.11). After mock treatment, in total 126 phosphopeptides were differentially phosphorylated whereas
77 peptides showed more and 49 showed less phosphorylation (fig. 4.11). The portions of the
functional categories to which the quantified phosphopeptides were sorted did not reveal blatant
changes after mannitol but after mock treatment especially in the portions of phosphopeptides which

"« "«

are involved in “cell.vesicle transport”, “development.”,

RNA.regulation of transcription.” “signaling.”,
“stress.” and “transport.”. All quantified phosphopeptides, their logz-values as well as their functional

categories are listed in appendix A33, A34 and A35 respectively.

4.1.3.4 Components of the multistep phosphorelay system

Interestingly, some components of the multistep phosphorelay system were identified and quantified in
the phosphoproteomic analysis of ahk1-3 and Ws-2 comprising Ser and Thr phosphorylation. The
components and the respective quantified phosphopeptides are listed in table 4.1. After 10min
treatment with mannitol AHK4 (gi:30677959) showed a highly reduced phosphorylation at Ser875 and
Thr883 and ARR19 (gi:334183176) at Serl71 whereas the phosphorylation of AHK2 (gi:18421494) at
Thrll and Serl2 is similar in ahk1l-3 in comparison to the wildtype. EIN4 (Qi:42572247) with
phosphorylated Ser635 and Ser637 was identified in just one line and treatment so ho comparative
guantification could be obtained. As these phosphorylation sites are Ser and Thr residues which are
located neither in the histidine kinase domain nor in the receiver domain (fig. 4.12) they do not directly
belong to the multistep phosphorelay system which occurs between His and Asp residues. In the
phosphoproteomic analysis of ahk2 ahk3 in comparison to the wildtype Col-0 AHK2 was also found to
be phosphorylated at Ser and Thr residues but at Thr4, Ser596 and Thr740. Most of these
phosphorylation sites are identified to be close to NEK2-kinase sites (Dinkel et al., 2016). There are
seven NEK-kinases annotated in Arabidopsis thaliana but no phosphopeptide of them was quantified

in the phosphoproteome of ahk1-3 and wt.

table 4.1: Quantified phosphopeptides of components of the multistep phosphorelay system.

logz-values for the ratio of quantified peptides in ahk1-3 and the wildtype (wt) Ws-2 in the experiments with
a reciprocal metabolic labeling (met. labeling) experimental design or without labeling (no labeling) after
10min treatment with 0.3M mannitol (+man) or mock respectively (-man). For met. labeling +man logz-
values of the two reciprocal replicates are shown. The phosphorylated residue is highlighted with a
subsequent (ph). (ac) reveals acetylation, (ox) oxidation. The “x” shows that the logz-value could not be
calculated due to a not quantified peptide for the nominator or denominator. “-“ marks no quantification.

Underlined values revealed statistical significance with p<0.05. Data obtained from Waltraud X. Schulze.

logz-values (ahk1-3/wt)

met. labeling no labeling
accession name [phosphopeptide +man -man +man -man
AT5G35750 |AHK2 |(ac)SITCELLNLT(ph)S(ph)KK - |-0.09 -

AT2G01830 |AHK4 [TNGNVHHKS(ph)PKLALFAT(ph)NITNSEFDR |-4.55-8.99| - - -
AT3G04580 [EIN4  [SILAGNAPELQHPNS(ph)NSILR - - -
SILAGNAPELQHPNSNS(ph)ILR - - -
AT1G49190 |ARR19 [S(ph)DRLDQVK -20.44| - -

vIX X
X X
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figure 4.12: Ser/Thr-phosphorylation sites in components of the multistep phosphorelay system
Schematic drawings of the domain structure of AHK2 (A), AHK4 (B), EIN4 (C) and ARR19 (D) according to
the SMART database. Phosphorylation sites identified in this study are indicated by “P*. The blue octagon
indicates the CHASE domain, the green rectangle the histidine kinase domain (HisKA), the green triangle
the HATPase_c domain, the pentagon the receiver domain, blue bars the transmembrane domains,
magenta bars regions of low complexity and green bars coiled-coil regions.

CSM  CSM+M  CSM+A+H CSM  CSM+M CSM+A+H
ODgg0 1.0 0.1 0.01 1.0 0.1 0.01 1.0 0.1 0.01 ODgoo 1.0 0.1 0.01 1.0 0.1 0.01 1.0 0.1 0.01
AHK1-Nub : o AHK1-Nub B
ETR1-Nub S | BAK1-Nub
AHK3-Nub < NubG
2| AHK4-Nub <! NubwWT
< | AHK5_fl-Nub o | AHK1-Nub
=}
E AHK3_C8-Nub S| BAK1-Nub
<
CKI1-Nub < NubG
NubG <! NubwT
NubWT o | AHK1-Nub
3| BAK1-Nub
-
= NubG
(@)
NubWT

figure 4.13: Mating-based split-ubiquitin assay with components of the multistep phosphorelay system
Fusion constructs of AHK1, AHK2, AHK4 and CKI1 with the C-terminal part of ubiquitin (Cub) were
transformed into the S. cerevisiae strain THY.AP4, fusion constructs of AHK1, ETR1, AHK3, AHK4, AHK5
in full length (AHK5_fl) and as truncated version (AHK1-C8), CKI1 and BAK1 with the N-terminal part of
ubiquitin (Nub) as well as the negative control NubG and the positive control NubWT were transformed into
the S. cerevisiae strain THY. AP5. After the mating the interaction of the proteins was tested by dropping of
the yeast in the concentration of ODeo0=1.0, ODe00=0.1 and ODeo0=0.01 on CSM minimal medium (CSM)
and verified by dropping them on CSM minimal medium supplemented with 50uM Met (CSM+M) whereas
CSM-Ade*-His* (CSM+A+H) served as growth control. The growth was recorded after four days growth at
28°C. The detection of protein expression is shown in appendix A22.

AHK1 is known to form homodimers (Caesar, unpublished). With the identified AHK1-dependent Ser
and Thr phosphorylation of AHK2 and AHK4 the question arose, whether AHK1 also forms
heterodimers with other AHKs although a direct phosphorylation of AHK2 and AHK4 from His or Asp to
Ser or Thr is biochemically not possible (Sanders et al., 1989). With the use of the mating-based split-

ubiquitin (mMbSUS) system in Saccharomyces cerevisiae it could be shown, that AHK1 does not
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interact with ETR1, AHK3 and AHKS5 in full length (AHKS5_fl) or in a truncated version (AHK5_C8) but
interacts weakly with AHK2 and AHK4 and strongly with CKI1 (fig. 4.13).

In contrast to AHK2, AHK3 and AHK4 which localize to the endoplasmic reticulum (Caesar et al.,
2011b) CKI1-RFP co-localizes with AHK1-GFP in transient expression in N. benthamiana leaves at the
plasma membrane as well as in vesicle-like structures which were described in 4.1.1.2 (fig. 4.14).
Unfortunately the expression of AHK1 and CKI1 was too low for FRET-FLIM measurements. To
investigate, whether the interaction of AHK1 and CKI1 reveals a physiological function mesophyll
protoplasts of Ws-2, ahk1-3 and ahk1-4 were transfected with a construct encoding a luciferase (LUC)
under the control of the ARR5-promoter (pBT8-ARRS5::LUCmM3) which is CKI1- and kinetin-dependently
induced (Hejatko et al., 2009). Unfortunately no results could be obtained as the protoplasts were not
stable enough for the time of the protocol. This was also true for these protoplasts which were
transfected with a construct encoding a LUC under the control of the RD29B-promoter (pB7-
RD29Bpro-LUCmM-3XHA) and treated with different concentrations of mannitol as well as for these
protoplasts which were transfected with a construct encoding a LUC under the control of the pFRK1-
promoter (pFRK::LUC nos c) and treated with a mixture of the PAMPs elf18 and flg22.

CKI1-RFP AHK1-GFP brightfield merge
figure 4.14: Localization of CKI1-RFP and AHK1-GFP
Transient co-expression of CKI1 tagged with a C-terminal RFP (CKI1-RFP, red) and AHK1 tagged with a
C-terminal GFP (AHK1-GFP, green) under the control of the CaMV 35S-promoter in N. benthamiana

revealed in confokal microscopy that CKI1-RFP and AHK1-GFP co-localize at the plasma membrane and
after treatment with 0.8M mannitol additionally in vesicle-like structures (white arrows). The scale is 10pum.

water

0.8M mannitol

4.1.3.5 Mitogen-activated protein kinases

In the phosphoproteome of ahk1-3 and the wildtype Ws-2 several kinases were quantified (appendix
A24) including some MAP kinases (table 4.2).

In a yeast two-hybrid assay the intracellular part (ICP) of AHK1 comprising amino acid 470-1207 was
tested for interaction with different MAP kinases. AHK1-ICP did not show any interaction with MKKK20,
MPK2, MPK3, MPK4, MPK5, MPK6, MPK7, MPK11 or MPK17 (appendix A26). Furthermore, in a
mbSUS assay the interaction of AHK1 and MKKK20 was tested and neglected (appendix A25). So far
it has not been tested whether ARRs downstream of AHK1 but especially ARR19 which was quantified
in the phosphoproteome and identified to be phosphorylated at Serl71 interact with any of the MAP

kinases which were also identified in the phosphoproteome.
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table 4.2: Quantified phosphorylated peptides of MAP kinases

logz-values for the ratio of quantified peptides in ahk1-3 and the wildtype (wt) Ws-2 in the experiments with
a reciprocal metabolic labeling (met. labeling) experimental design or without labeling (no labeling) after
10min treatment with 0.3M mannitol (+man) or mock respectively (-man). For met. labeling +man log2-
values of the two reciprocal replicates are shown.The phosphorylated residue is highlighted with a
subsequent (ph). (ac) reveals acetylation, (ox) oxidation. The “x” shows that the logz-value could not be
calculated due to a not quantified peptide for the nominator or denominator. “-“ marks no quantification.

Underlined values revealed statistical significance with p<0.05. Data obtained from Waltraud X. Schulze.

logz-values (ahk1-3/wt)
met. labeling no labeling
accession name phosphopeptide +man “man +man “man
AT1G53165 |ATMAP4K
ALPHA1 EFS(ph)SNANFSPLAR - - - X -0.69
AT3G58640 [MAPKKK- AISLPSS(ph)PQNYR - - - X -0.65
related SIS(ph)ITPEIGDDIVR - - - 0.07 -0.71
AT3G13530 |MAPKKK7 TPS(ph)SVSGNELAR - - - X 0.82
VRS(ph)GQLDPNNPIFGQNETSSLSM
(ox)IDQPDVLK - - - X X
AT4G08500 |MAPKKKS8 S(ph)LEFPEPTSFR - - - X X
AT1G07150 |[MAPKKK13 |M(0ox)LS(ph)S(ph)PSSFWVR - |-121 - - -
AT3G50310 |MAPKKK20 |DEDKVLMS(ph)PK - 284 - - -
AT4G29810 [MKK2 FLTQSGT(ph)FK - - - X X
IISQLEPEVLS(ph)PIKPADDQLSLSDL
DM(ox)VK - - - X X
AT1G53510 |MPK18 FS(ph)KADPLALR - - - - -

4.1.3.6 Link of AHK1 to the cytoskeleton

The phosphoproteome of ahk1-3 and Ws-2 revealed several differentially phosphorylated peptides
which are involved in cell organization (fig. 4.11, appendix A33, A34, A35). Some of these quantified
peptides were tested in a yeast two-hybrid assay for interaction with AHK1-ICP. This interaction study
was executed in the bachelor thesis of Achim Lorenz (2014). The empty vector controls were placed
here in appendix A26 although the detection of the proteins in Western Blots has to be repeated.
AHK1-ICP shows interaction with ATPase katanin p60 (AT1G80350) and a putative myosin
(AT5G20470) (appendix A26). Therefore it was interesting whether the assembly, disassembly and
general arrangement of the cytoskeleton is altered in the ahkl knock down alleles. To address this
question the binary plant vector constructs pUBN-RFP-MBD and pUB-GFP-ABD2-GFP for the
expression of a RFP-tagged microtubule-binding protein (MBP) and a GFP-tagged actin-binding
protein were separately stably transformed into all ahkl knock down alleles and the respective
wildtypes. This did not work in the Ws-2 ecotype. In the Col-0 ecotype the lines were progenated and
heterozygous T2-lines could be obtained and now be used for the further analysis of the cytoskeleton

as homozygous plants reveal severe developmental defects.

4.1.3.7 Effect of AHK1 on proteins involved in the response to light

The analysis of the phosphoproteome of ahkl1-3 and Ws-2 and the functional categories of the
quantified phosphopeptides put proteins into focus which contribute to the plant's response to light
(table 4.3).

SPA2, COP1, HY5 and FHY3 are involved in the regulation of photomorphogenesis of seedlings
(Jaedicke et al., 2012; Chen et al., 2015; Siddiqui et al., 2016). Therefore it was tested whether ahkl
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knock down alleles show differences in comparison to their wildtype in the length of their hypocotyl or

root after they were grown for three days in the dark.

table 4.3: Quantified phosphopeptides of proteins involved in the response to light

logz-values for the ratio of quantified peptides in ahk1-3 and the wildtype (wt) Ws-2 in the experiments with
a reciprocal metabolic labeling (met. labeling) experimental design or without labeling (no labeling) after
10min treatment with 0.3M mannitol (+man) or mock respectively (-man). For met. labeling +man logz-
values of the two reciprocal replicates are shown.The phosphorylated residue is highlighted with a
subsequent (ph). (ac) reveals acetylation, (ox) oxidation. The “x” shows that the logz-value could not be
calculated due to a not quantified peptide for the nominator or denominator. “-“ marks no quantification.

Underlined values revealed statistical significance with p<0.05. Data obtained from Waltraud X. Schulze.

logz-values (ahk1-3/wt)
met. labeling no labeling
accession name phosphopeptide +man -man +man -man
AT4G11110 [SPA2  |ARNMDQQT(ph)VAS(ph)SGSALVIANTSAK |0.50 | - - - -
AT2G32950 |COP1  [M(ox)EEIS(ph)T(ph)DPVVPAVKPDPR 418 | - - - -
AT5G11260 [HY5 EGIES(ph)DEEIR - - - 0.02 0.24
AT3G22170 |FHY3 SLPDVVTS(ph)PTQGLISVEEDNHSR - - - -0.94 X

In four replicates with at least 18 seedlings per line the etiolated ahkl knock down seedlings of the
Nos-0 and Ws-2 ecotype indeed showed a reduced hypocotyl and root length in comparison to the
respective wildtype. Thereby, the averaged hypocotyl and root length of the respective wildtype was
defined as 100%. The ahk1-3/35S::AHK1-GFP line in the Ws-2 ecotype obtained no difference of
hypocotyl or root length in comparison to the wildtype indicating a complementation of the decreased
hypocotyl and root length in ahk1-3 by the expression of AHK1-GFP. In the Col-0 ecotype ahk1-5 did
not show any difference in comparison to the wildtype whereas ahk1-6 showed a reduced and the

AHK1 overexpressor line revealed an increased hypocotyl length (fig. 4.15).

140
120 figure 4.15: Hypocotyl and root length of
etiolated ahk1 knock down seedlings
g 100 Hypocotyl (dark grey) and root (light grey) length
'TE' 80 of seedlings of ahkl knock down alleles in the
En 60 Nos-0, Ws-2 and Col-0 ecotype which grew in
2 the dark for three days after 2h light induction of
40 germination. The hypocotyl and root length has
20 been normalized to the respective wildtype. The
0 ecotypes are separated by dashed lines. Data

were averaged between at least four replicates
with at least 18 seedlings per line and treatment.
Shown are mean values and standard
deviations. Student's ttest was used to calculate
statistical significance. Stars above bars reveal
statistical significance of difference in
comparison to the wildtype. *p<0.05; **p<0.01;
***pn<0.001
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ahk1-1
Ws-2
ahk1-3
ahk1-4
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figure 4.16: Hypocotyl and root length of etiolated seedlings upon mannitol treatment

Hypocotyl (B) and root (C) length of seedlings of ahkl1-3, ahkl1l-4, ahk1-3/35S::AHK1-GFP and their
wildtype Ws-2 which grew on OmM, 50mM, 100mM and 200mM mannitol in the dark for three days after 2h
light induction of germination. The color code for the lines in (B) and (C) is given in (A). The hypocotyl and
root length has been normalized to the wildtype which grew at the same conditions. Data were averaged
between three replicates with at least 33 seedlings per line and treatment. Shown are mean values and
standard deviations. Student's ttest was used to calculate statistical significance. Stars above bars reveal
statistical significance of difference in comparison to the wildtype. *p<0.05; **p<0.01; ***p<0.001

For the investigation of hypocotyl and root growth during osmotic stress conditions the hypocotyl and
root length of the wildtype which grew at the same conditions like the ahkl knock down lines was
defined as 100%. After growth on media which was supplemented with different concentrations of
mannitol hypocotyl and root length was in general decreased (data not shown). Furthermore, ahk1-3
and ahk1-4 showed the previously detected reduced hypocotyl (fig. 4.16 B) and root length (fig. 4.16
C) on control conditions whereas ahk1-3/35S::AHK1-GFP did not show an altered hypocotyl and root
length in comparison to the wildtype. After growth on media which was supplemented with 50mM,
100mM and 300mM mannitol no difference of hypocotyl length could be detected for these lines except
for the decreased hypocotyl length of ahkl-3 after growth on 100mM mannitol. In contrast, a
decreased root length could be revealed for ahk1-3 after growth on 100mM and 300mM mannitol, for
ahkl-4 after growth on 50mM mannitol and for ahk1-3/35S::AHK1-GFP after growth on 300mM
mannitol. Hence, osmotic stress seems to slightly increase the hypocotyl and root elongation in
etiolated seedlings of ahk1-3 and ahk1-4.

The reproducibility of this assay enabled to check, whether temperature alters the hypocotyl and root
growth and might be one factor which led to the opposing results in the root growth assay. At 20°C
three day old etiolated seedlings of ahk1l-3 and ahkl-4 revealed shorter roots and hypocotyls in
comparison to the wildtype whereas ahk1-3/35S::AHK1-GFP showed wildtype-like hypocotyl and root
length. At 28°C a general increase of hypocotyl length could be observed whereas root length was
decreased. The ahkl knock down lines ahk1-3 and ahk1-4 showed wildtype-like hypocotyl and root
length at this elevated temperature (fig. 4.17). This indicates an influence of the temperature on the

elongation of roots and hypocotyls.
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figure 4.17: Hypocotyl and root length of
etiolated seedlings after growth at different
temperatures

Hypocotyl (B) and root (C) length of 3d old
etiolated seedlings of ahk1-3, ahkl-4,
ahk1-3/35S::AHK1-GFP and their wildtype
Ws-2 which grew at 20°C and 28°C after
2h light induction of germination. The color
code for the lines in (B) and (C) is given in
(A). Hypocotyl and root length has been
normalized to the wildtype which has been
grown at 20°C. Data were averaged
between three replicates with at least 38
(20°C) or 5 (28°C) seedlings per line and
treatment. Shown are mean values and
standard deviations. Student's ttest was
used to calculate statistical significance.
Stars above bars reveal statistical
significance of difference in comparison to
the wildtype. *p<0.05; **p<0.01; ***p<0.001

To analyze whether the altered length of hypocotyls and roots in the ahk1 knock down alleles depends

on altered germination a germination assay was executed. The germination rate on 0.3M mannitol as

well as on the control did not differ between the wildtype, ahkl knock down alleles and ahkl-

3/35S::AHK1-GFP after five days at constant light conditions whereas the germination rate was

generally lower on 0.3M mannitol than on the control (fig. 4.18). This is contradictory to the findings of

Wohlbach et al. (2008) and Katharina Caesar but here it has to be noted that seeds were used which

were not older than six months. For other experiments like for instance root growth assays it was

observed that the germination especially of ahkl knock down lines was reduced when the seeds were

older than six months (data not shown). Beside the germination rate the germination time was also not

altered in this experiment (fig. 4.35).
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figure 4.18: Percentage of germination on
media supplemented with 0.3M mannitol.
Germination rate after four days of
stratification and five days growth at constant
light at 20°C on half strength MS salts
(control) and media supplemented with 0.3M
mannitol. Mean values and standard
deviation of three replicates with 50 seeds
per line and condition. Student's t-test was
used to calculate statistical significance. No
statistical ~ significant difference in the
germination rate could be determined for
these lines and these conditions.
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4.1.3.8 Influence of AHK1 on hormone metabolism and signaling
In the phosphoproteome of ahk1-3 and the wildtype Ws-2 several phosphopeptides were quantified
which were categorized into hormone metabolism or respective signaling (appendix A33, A34, A35).

Additionally, other AHKs are known to be receptors for cytokinin and ethylene.
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figure 4.19: Hypocotyl and root length of etiolated seedlings upon treatment with hormones or inhibitors of
hormone biosynthesis or signaling

Hypocotyl (B, C) and root (D, E) length of seedlings of ahk1-3, ahk1-4, ahk1-3/35S::AHK1-GFP and their
wildtype Ws-2 which grew in the dark for three days after 2h light induction of germination on control media
and media which were supplemented with the hormones methyl-jasmonate (MeJA), gibberellic acid (GA3),
kinetin (CK), indole-3-acetic acid (IAA), the ethylene precurser l-aminocyclopropane-1-carboxylic acid
(ACC), the inhibitor of ethylene signaling silver nitrate (AgNO3) as well as on the auxin transport inhibitor
1-N-naphthylphthalamic acid (NPA). As NPA was solved in DMSO, a DMSO control was added. The color
code of the tested plant lines for (B), (C), (D) and (E) is given in (A). The hypocotyl and root length has
been normalized to the respective wildtype. Data were averaged between one (B, D) or three (C, E)
replicates with at least 37 seedlings per line and treatment. Shown are mean values and standard
deviations. Student's ttest was used to calculate statistical significance. Stars above bars reveal statistical
significance of difference in comparison to the wildtype. *p<0.05; **p<0.01; ***p<0.001

Therefore it was tested, whether ahkl knock down alleles show differences in root elongation of light-
grown seedlings or in length of hypocotyls and roots in etiolated seedlings upon treatment with
different hormones or inhibitors of hormone biosynthesis or signaling. One experiment with at least ten

seedlings per line and treatment did not reveal any difference in root elongation between ahk1-3 and
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the wildtype Ws-2 upon treatment with indole-3-acetic acid (IAA), the auxin transport inhibitor 1-N-
naphthylphthalamic acid (NPA), methyl-jasmonate (MeJA), salicylic acid (SA), abscissic acid (ABA),
giberellic acid 3 (GA3), the ethylene precursor 1l-aminocyclopropane-1-carboxylic acid (ACC), the
inhibitor of ethylene signal transduction silver nitrate (AgNOs) and kinetin (CK) (appendix A27 D).

In etiolated seedlings the hypocotyl length of ahk1-3 and ahk1-4 was decreased in comparison to the
wildtype after growth on MeJA, GA3, CK, IAA as well as after growth on NPA (fig. 4.19 B). The root
length of the ahkl knock down alleles in the single experiment with hormones differed from the root
length of the other experiments as they did not show a decrease after growth on control conditions. As
well no difference between the root length of the wildtype, the ahkl knock down alleles and ahk1-
3/35S::AHK1-GFP could be revealed for seedlings grown on MeJA and IAA. Though, a decreased root
length was detected for ahk1-3 grown on GA3, CK and NPA as well as for ahk1-4 grown on CK and
DMSO. In contrast to ahk1-3, ahk1-3/35S::AHK1-GFP showed an increased root length after growth
on NPA (fig. 4.19 D). In three replicates with at least 37 seedlings per line and condition ahk1-3 and
ahk1-4 again showed a reduced hypocotyl and root length on control conditions. Just ahk1-4 showed a
reduced hypocotyl length after growth on ACC, whereas after growth on AgNOs no difference was
revealed between the wildtype and the ahkl knock down lines or ahk1-3/35S::AHK1-GFP (fig. 4.19 C).
The root length was reduced after growth on ACC in ahk1-3 and ahk1-4, after growth on AgNOs just in
ahk1-4 (fig. 4.19 E).

4.1.3.9 Role of AHK1 in auxin signhaling

Application of IAA increased the shortening of hypocotyls in etiolated seedlings of the ahkl knock
down alleles in comparison to the respective wildtype. In addition, several peptides were indentified in
the phosphoproteome of ahk1-3 and Ws-2 which are connected to auxin metabolism, transport and
signaling. The phosphorylation patterns as well as the log.-values of some of these quantified

phosphopeptides are listed in table 4.4.

table 4.4: Quantified phosphopeptides of proteins of auxin metabolism, transport and signaling

logz-values for the ratio of quantified peptides in ahk1-3 and the wildtype (wt) Ws-2 in the experiments with
a reciprocal metabolic labeling (met. labeling) experimental design or without labeling (no labeling) after
10min treatment with 0.3M mannitol (+man) or mock respectively (-man). For met. labeling +man logz-
values of the two reciprocal replicates are shown. The phosphorylated residue is highlighted with a
subsequent (ph). (ac) reveals acetylation, (ox) oxidation. The “x” shows that the logz-value could not be
calculated due to a not quantified peptide for the nominator or denominator. “-“ marks no quantification.

Data obtained from Waltraud X. Schulze.

logz-values (ahk1-3/wt)

met. labeling no labeling

accession name phosphopeptide +man _man +man “man
AT3G04730 [IAALl6 TYQDLSNALS(ph)K -21.57| -8.31 - - -
AT1G34410 |ARF21 |LFGVT(ph)LDTPPM(ox)IK 423 | 3.12 - - -
AT1G70940 |[PIN3 M(ox)LIM(oX)EQFPETAASIVS(ph)FK - - - -0.42 X
PSNLTGAEIYS(ph)LST(ph)TPR - - - X 0.23

AT1G23080 |PIN7 PSNLTGAEIYS(ph)LNT(ph)TPR - - - -0.64 0.34
AT1G15750 |TPL IAPS(ph)PVNNPLLGGIPK - - 0.15 0.14 0.29
AT1G68370 |ARG1 |AQGDESKGDGDS(ph)AGEEGGTENR - - - 1.16 0.50
IAQGDESKGDGDS(ph)AGEEGGTENRDK - - - 0.52 -0.08
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figure 4.20: AHK1-ICP interacts with IAA16 in yeast.

The reporter yeast strain pJ69-4A was co-transformed with the BD-fusion contruct of AHK1-ICP (pGBKT7-
AHK1-ICP) and the AD-fusion constructs of AHK1-ICP (pGADT7-AHK1-ICP) and IAA16 (pGADT7-1AA16)
respectively. The empty destination-vectors (pGBKT7-Dest, pGADT7-Dest) were used as control. For the
interaction test the respectively transformed yeast was plated on the auxotrophy medium CSM-Leu-Trp™-
Ade (CSM-L-T-A) as well as on the growth control medium CSM-Leu-Trp” (CSM-L-T) and grown for four
days at 28°C. The detection of expressed protein is shown in appendix A23.

IAA16 is differentially phosphorylated at Ser150 which is located in domain 1l (Korasick et al., 2014).
Domain 11l is involved in the mediation of homo- and heterodimer formation with ARFs. Unfortunately
ARF21 could not be cloned to test whether IAA16 interacts with ARF21 and whether this interaction is
influenced by the differential phosphorylation. Nevertheless, in a yeast two-hybrid assay an interaction
of the intracellular part of AHK1 (AHK1-ICP) comprising aa440-1207 with IAA16 could be revealed (fig.
4.20). To verify this interaction AHK1-GFP and RFP-IAA16 were transiently expressed under the
control of the CaMV 35S-promoter in Nicotiana benthamiana. AHK1-GFP localizes to the plasma
membrane and vesicle-like structures which were described in 4.1.1.2. whereas RFP-IAA16 localizes
to the nucleus (fig. 4.21) independently from AHK1 (appendix A28). To analyze, whether the
phosphorylation has any influence on the localization or interactions of IAA16, Ser150 was mutated to
Ala to mimick the not phosphorylated state as well as to Glu to mimick the phosphorylated state of

IAA16. The constructs are ready for further investigation.
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figure 4.21: Localization of RFP-IAA16 and AHK1-GFP

Transient co-expression of IAA16 tagged with a N-terminal RFP (RFP-IAA16, red) and AHK1 tagged with a
C-terminal GFP (AHK1-GFP, green) in N. benthamiana reveals in confokal microscopy that RFP-IAA16
localizes to the nucleus in general and during osmotic stress applied with 0.8M mannitol whereas AHK1-
GFP localizes to the plasmamembrane and vesicle-like compartments as they were described in 4.1.1.2.
The expression of AHK1-GFP and RFP-IAA16 was regulated by CaMV 35S-promoter each. The scale is
50pm.
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figure 4.22: Gravitropic growth is not influenced in ahk1 knock down mutants.

(A) Twelve day old Ws-2 and ahk1-3 seedlings which have been transferred to control media and media
supplemented with 1uM methyl-jasmonate (MeJA) four days after germination. The bar gives 1cm. (B)
Scematic view of the gravitropic response. a specifies the curvature. (C) Color code for Ws-2, ahk1-3 and
ahk1-4 in (D). (D) Curvature upon an altered gravitropic stimulus three days after germination. The roots
were scored two days later. Shown are the mean values and standard deviations of one experiment with at
least 90 seedlings per line and treatment.

In the phosphoproteome ARG1 is more phosphorylated in ahk1-3 after 10min treatment with 0.3M
mannitol. ARG1 as well as PIN3 and auxin are involved in the response of plants to gravity (Sedbrook
et al., 1999; Harrison and Masson, 2008). Additionally, in the previous study of AHK1-dependent root
growth ahk1-3 seemed to be influenced in gravitropic growth upon treatment with 1uM MeJA (fig. 4.22
A). In a gravitropic growth assay this was further tested. Therefore, seedlings growing on ¥2 MS-agar
with and without supplementation of 1uM MeJA were exposed to a gravitropic stimulus coming from
90° left and the curvature of the root was measured after additional two days of growth (fig. 4.22 B). A
difference in the curvature of gravitropic growth could not be detected (fig. 4.22 D).

An alteration in the gravitropic stimulus leads to auxin redistribution in the root and therefore to the
induction of lateral root development whereas PIN3 and PIN7 which were quantified in the
phosphoproteome of ahk1-3 and the wildtype Ws-2 play central roles in the redistribution of auxin
(Marhavy et al., 2013). Therefore the initiation of lateral root development was analyzed in ahkl knock
down lines in three different ecotypes. 18h and 42h after gravitropic induction of lateral root
development the lateral root primordia (LRP) were analyzed and classified into the stages (fig. 4.23)
how they were described for instance by De Smet et al. (2015).

18h after the gravitropic induction of lateral root development LRPs in all analyzed lines could be
categorized to stage 0, | or Il, 42h after the gravitropic induction LRPs in all analyzed lines could be
categorized to the stages IV to VIII. 18h after gravitropic induction approximately 50% of Nos-0 and
ahk1-1 showed either stage | or stage Il LRPs, whereas about 40% of seedlings of ahkl knock down
alleles in the Ws-2 and Col-0 ecotype and their respective wildtypes showed stage | LRPs and about
60% of the seedlings stage Il LRPs. Just few seedlings of ahk1-1 and ahk1-6 did not show any LRP
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18h after gravitropic induction. Besides, less seedlings of ahk1-1 had stage Il LRPs in comparison to
the wildtype.

42h after the gravitropic induction there was in general no difference in the amount of plants with LRPs
in the respective stages between the ahkl knock down lines and their respective wildtypes in the Nos-
0 and Col-0 ecotype. This was also true for the Ws-2 ecotype except that there were more ahkl1 knock
down seedlings with stage VI LRPs than in the wildtype. The number of seedlings with LRPs in the
respective stage was different between the three ecotypes. 42h after gravitropic induction seedlings of
Nos-0 and ahk1-1 mainly had LRPs of the stage VI, less plants showed LRPs in the stages V, VI and
VIII and just few had LRPs which were categorized to stage IV. This was also true for the Ws-2
ecotype with the difference that in the Ws-2 ecotype approximately the same number of LRPs could be
categorized to stage VII and stage VIII. 42h after gravitropic induction seedlings of the Col-0 ecotype
did not have stage IV LRPs. The seedlings showed mainly stage V and stage VIII LRPs and less stage
VI and stage VII LRPs whereas the amount of plants with LRPs categorized to stage V and VIl as well

as to stage VI and VIl was approximately the same.
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figure 4.23: Lateral root development of ahkl knock down mutants.

Stages of the lateral root development in ahkl knock down mutants and their respective wildtypes in the
ecotypes Nos-0 (blue), Ws-2 (pink) and Col-0 (green) 18h (stage I-lll) and 42h (stage IV-VIII) after the
change of the gravitropic stimulus to 90° to the side. Shown are the mean values and standard deviation of
two independent experiments with a minimum of 13 seedlings per line. The illustration of the stages
beyond the axis has been taken from De Smet et al. 2015.

42h after the gravitropic induction there was in general no difference in the amount of plants with LRPs
in the respective stages between the ahk1 knock down lines and their respective wildtypes in the Nos-
0 and Col-0 ecotype. This was also true for the Ws-2 ecotype except that there were more ahkl1 knock
down seedlings with stage VI LRPs than in the wildtype. The number of seedlings with LRPs in the
respective stage was different between the three ecotypes. 42h after gravitropic induction seedlings of
Nos-0 and ahk1-1 mainly had LRPs of the stage VI, less plants showed LRPs in the stages V, VI and
VIII and just few had LRPs which were categorized to stage IV. This was also true for the Ws-2
ecotype with the difference that in the Ws-2 ecotype approximately the same number of LRPs could be
categorized to stage VII and stage VIII. 42h after gravitropic induction seedlings of the Col-0 ecotype

did not have stage IV LRPs. The seedlings showed mainly stage V and stage VIII LRPs and less stage
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VI and stage VII LRPs whereas the amount of plants with LRPs categorized to stage V and VIII as well
as to stage VI and VII was approximately the same.

As the number of plants with a LRP in a certain stage was always similar for at least three ahk1 knock
down alleles in at least two different ecotypes and as there was no statistical significant difference
there is no indication for AHK1-dependent changes in lateral root development.

Osmotic stress highly influences the root system architecture (Duan et al. 2013). As big differences
could be revealed in the phosphoproteome of ahkl-3 and the wildtype after 10min of mannitol
treatment it was interesting whether ahkl1l knock down alleles show differences in hydrotropic growth
and the root system architecture.

figure 4.24: Hydrotropic
response of ahkl knock down
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The hydrotropic growth was tested with the use of sorbitol. In this assay, four day old seedlings were
exposed to a diagonal water potential gradient which forces the roots to grow towards areas with
higher water potential neglecting gravitropic growth (fig. 4.24 A). The greater the angle or curvature
was the higher was the sensitivity and adaptability to the recognition of water potential. For ahkl knock
down lines the variation of the curvature, was very high (fig. 4.24 B, C). Results of four experiments
with 35 seedlings per Arabidopsis thaliana line show a not significant tendency for ahk1-3 and ahk1-4
to show a greater curvature than the wildtype indicating that AHK1 negatively influences the sensitivity
to high water potential or positively influences the sensitivity to low water potential (fig. 4.24 B). After
11 repeats of this assay the variation of the hydrotropic curvature of ahk1-3 increases and the previous
tendency of the greater curvature was lost completely (fig. 4.24 C). This indicates that AHK1 does not
contribute to hydrotropic growth. In a cooperation with Christa Testerink (Plant Physiology,
Swammerdam Institute of Life Sciences, University of Amsterdam, NL) Dorota Kawa, her Ph.D.
student, performed a halotropism assay which basically is a hydrotropic growth assay with NaCl as
well as a Root System Architecture (RSA) assay to further characterize and investigate the root growth
of ahkl knock down lines in response to salt stress. For the halotropism assay it was impossible to

draw any conclusions as Ws-2 as well as ahkl1-3 and ahk1l-4 were skewing too much at control
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conditions. In the presence of salt the skewing was less for all lines but no AHK1-dependent difference

could be detected (appendix A29).
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figure 4.25: Results of two experiments of the Root System Architecture assay which were executed by
Dorota Kawa, a Ph.D. student of Christa Testerink.

Root System Architecture (RSA) traits of Ws-2 (wildtype), ahk1-3 and ahk1-4 on control conditions (ctrl,
light grey bars) and in presence of 75mM NacCl (salt, dark grey bars) in replicate 1 (A-F) and replicate 2 (G-
L). RSA parameters are the elongation of the main root (MR) after the transfer of seedlings to control or
salt conditions (A, G), the main root vector angle (MRVA, B, H), the number of lateral roots (NoLRs, C, I),
the total root size (D, J), the lateral root density (LRD, E, K) as well as the average lateral root (LR) length
(aLRL, F, L). The parameters were quantified four days after transfer for plants grown on control plates and
six days after transfer for plants grown on salt stress. Statistical comparisons were done by one-way
ANOVA (post hoc Tuckey‘s test). Significant differences to the wildtype are indicated with stars directly
above the bars, stars above brackets give the statistical significance of the two indicated lines. *p<0.05;
**p<0.01; ***p<0.0001.

The parameters investigated in the RSA assay were the main root (MR) elongation, the main root
vector angle (MRVA), the number of lateral roots (NoLRs), the total root size, the lateral root (LR)
density (LRD) and the average lateral root length (aLRL). The assay was repeated twice. The results

of both replicates for each parameter were contradictory for the ahkl knock down lines in comparison
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to the wildtype at control conditions as well as during salt stress. Whereas in the first experiment the
MR elongation was reduced for ahk1-3 and ahk1-4 at control conditions as as well as on salt stress
(fig. 4.25 A), in the second experiment there was no difference or even an increase of the main root
elongation (fig. 4.25 G). The MRVA was generally reduced for all lines at salt stress conditions in
comparison to control conditions. It was the only parameter which revealed the same result in both
experiments, showing an increased MRVA for ahk1-4 at control conditions (fig. 4.25 B, H). Further, in
the first experiment for ahk1-3 and ahk1-4 the number of lateral roots and the LRD (fig. 4.25 E) was
reduced during salt stress (fig. 4.25 C), the total root size (fig. 4.25 D) as well as the aLRL was
reduced at control conditions (fig. 4.25 F). In the second experiment no difference between wildtype
and ahkl1 knock down alleles could be observed for neither NoLRs (fig. 4.25 1), total root size (fig. 4.25
J), LRD (fig. 4.25 K) nor aLRL (fig. 4.25 L). During salt stress in both experiments the aLRL was
reduced for all lines (fig. 4.25 F, L).

Furthermore it could be shown in twelve day old seedlings after eight days of mannitol treatment, that
there is no AHK1-dependent difference in the number of lateral roots during control or osmotic stress
conditions (appendix A30) whereas ahkl1-3 as well as ahk1-3/35S::AHK1-GFP showed a reduced
number of lateral roots on OmM mannitol. As this could not be shown for ahk1-4 this seems to be an

allele specific effect.

4.1.3.10 Calcium signaling and ion channels

The analysis of the phosphoproteome of ahk1-3 and Ws-2 revealed many phosphopeptides which are
involved in calcium signaling or ion transport (appendix A33, A34, A35).

Therefore it was tested whether seedlings of ahk1-3 show an altered root elongation in comparison to
the wildtype upon treatment with different concentrations of CaCl..

One experiment with at least ten seedlings per line and treatment showed a decreased root elongation
of ahk1-3 on 1mM and 10mM CacClz but not on 0.1mM and 100mM CacCl: (appendix A27 B). To verify
the influence of calcium on the root elongation the experiment has to be repeated including ahk1-4 and
ahk1-3/35S::AHK1-GFP.

Even if the difference of root elongation upon increased exogenous calcium levels is not reproducible
there might be AHK1-dependent differences in the calcium influx or the intracellular calcium signature
in cells. Therefore pGPTVII-Bar-U-RGECO1 of Karin Schuhmacher was stably transformed into the
ahk1 knock down alleles in all ecotypes and their respective wildtypes. Unfortunately this did not work
and has to be repeated. In addition, ahk1-5 and ahk1-6 were crossed with Col-0/R-GECOL1 of Karin
Schuhmacher to obtain ahkl knock down alleles which can be investigated in regard to calcium influx
and calcium signature. F1 seeds could already be obtained but have to be progenated for further
investigation.

The number of ion channels and transporters which were quantified in the phosphoproteome of ahk1-3
and Ws-2 arose the question whether ahkl knock down alleles reveal an altered ion content. To test
this, 14 day old seedlings which were grown in liquid culture were treated for 10min with 0.3M mannitol
or mock, harvested and dried. The content of sodium, potassium and calcium ions in the different plant
lines was determined with the use of a flame photometer. The flame photometric analysis of dried plant
material did not reveal any differences between ahk1-3, ahk1-4, ahk1-3/35S::AHK1-GFP and the
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wildtype Ws-2 in regard to potassium and calcium content (fig. 4.26 B, D). The same is true for the
sodium content exept for ahk1-3 which showed a slight increase in sodium content under control
conditions (fig. 4.26 C). Furthermore ahk1-3 shows a drop in potassium and sodium content after
10min treatment with 0.3M mannitol (fig. 4.26 B, C). This was also observed for ahk1-3/35S::AHK1-
GFP but for the calcium content (fig. 4.26 D). As the increase or drop of the ion content was observed
in just one allele respectively the differences might be due to genotype specific factors and might not
depend on AHK1.
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figure 4.26: lon content of ahk1 knock down lines

Potassium- (B), sodium- (C) and calcium-ion (D) content per dry weight of 14d old Arabidopsis thaliana
seedlings of the ahkl knock down lines ahk1-3 and ahkl-4, ahk1-3/35S::AHK1-GFP and the respective
wildtype. The plants were grown in liquid culture and treated with 0.3M mannitol or mock for 10min. (A)
gives the color code for B, C, and D. The diagrams show mean values and standard deviations of one
experiment with 9-12 biological replicates per line and treatment. Student's t-test was used to calculate
statistical significance. Stars directly above the bars show the statistical significance of difference to the
wildtype. Stars above brackets reveal the significance of difference between the two marked plant lines.
*p<0.05; **p<0.01

4.1.3.11 Effect of AHK1 on aquaporins

The analysis of the phosphoproteome in ahk1-3 and Ws-2 after 10min treatment with 0.3M mannitol,
revealed 15 phosphopeptides originating from seven aquaporins whereas different phosphorylation
patterns per peptide were detected (table 4.5). Some of these peptides with the respective
phosphorylation pattern have already been identified by Wu et al. (2013) in the analysis of the
phosphoproteome of the sirkl T-DNA insertional mutant and could be correlated to the altered swelling
behavior of sirkl protoplasts in comparison to the wildtype when exposed to hypo-osmolar medium.
This was not the case for ahk1-3, ahk1-4 or ahk1-3/35S::AHK1-GFP (fig. 4.27), neither in protoplasts
of seedling shoots (fig. 4.27 A) nor in protoplasts of seedling roots (fig. 4.27 B). The volume of the
protoplasts before and after swelling did not show any genotype specific differences as well, neither in

protoplasts of shoots (fig. 4.27 C) nor in protoplasts of seedling roots (fig. 4.27 D).
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table 4.5: Quantified phosphopeptides of plasma membrane intrinsic proteins

logz-values for the ratio of quantified peptides in ahk1-3 and the wildtype (wt) Ws-2 in the experiments with
a reciprocal metabolic labeling (met. labeling) experimental design or without labeling (no labeling) after
10min treatment with 0.3M mannitol (+man) or mock respectively (-man). For met. labeling +man logz-
values of the two reciprocal replicates are shown.The phosphorylated residue is highlighted with a
subsequent (ph). (ac) reveals acetylation, (ox) oxidation. The “x” shows that the logz-value could not be
calculated due to a not quantified peptide for the nominator or denominator. “-“ marks no quantification.

Underlined values revealed statistical significance with p<0.05. Data obtained from Waltraud X. Schulze.

logz-values (ahk1-3/wt)
met. labeling no labeling
accession name phosphopeptide +man “man +man “man
AT3G53420 |PIP2A SLGS(ph)FRS(ph)AANV - - 0.26 0.71 0.72
SLGS(ph)FRSAANV -0.50 | -1.70 0.11 - -
SLGSFRS(ph)AANV - - -0.57 - -
AT2G37170 |PIP2B SLG(pS)FRSAANV -14.94| -1.70 - - -
AT3G54820 |PIP2D IALGS(ph)FRS(ph)QPHV - - - 1.63 | -0.22
AT2G39010 |PIP2E S(ph)QLHELHA - - - -0.18 1.12
TKDELTEEES(ph)LSGK - - - -1.72 0.92
AT5G60660 |PIP2F IALGS(ph)FGS(ph)FGSFR - - - -0.37 0.57
IALGSFGS(ph)FGS(ph)FR - - - -0.12 | 0.70
IALGSFGS(ph)FGSFR - - 0.13 - -
IALGSFGSFGS(ph)FR - | -155 X - -
AT4G35100 [PIP3A IALGS(ph)FRS(ph)NATN - - 0.13 - -
IALGS(ph)FRSNATN -21.23|-12.98| 0.19 -0.33 -0.14
IALGSFRS(ph)NATN - - 0.49 - -
AT2G16850 |PIP3B IALAS(ph)FRS(ph)NPTN - - - 022 | 071
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figure 4.27: Protoplast swelling assay did not reveal AHK1-dependent changes in the water flux density.
Protoplasts of shoots (A, C) and roots (B, D) of four day old seedlings were exposed to hypo-osmolar
medium. The swelling of the protoplasts was recorded by video-microscopy. The change of volume per
time was measured and the water flux density calculated. Shown are box plots of water flux densities of at
least 12 individual protoplasts per line and tissue (A, B) as well as the mean volume of the protoplasts of
shoots (C) and roots (D) before and after swelling and the respective standard deviations. Student’s t-test
did not reveal any statistical significant differences.
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4.1.3.12 AHK1-dependent phosphorylation of AHAs

The functional categorization of quantified phosphopeptides revealed several v- and p- ATPases
(appendix A33, A34, A35) comprising also plasma membrane H*-ATPases (AHAS) (table 4.6). AHAs
contribute to several developmental and adaptive processes in plants. Therefore it was interesting

whether the AHA activity is changed in ahk1-3 in comparison to the wildtype.

table 4.6: Quantified phosphorylated peptides of AHAs

Shown are the logz-values for the ratio of quantified peptides in ahk1-3 and the wildtype (wt) Ws-2 in the
experiments with a reciprocal metabolic labeling (met. labeling) experimental design or without labeling (no
labeling) after 10min treatment with 0.3M mannitol (+man) or mock respectively (-man). For met. labeling
+man logz-values of the two reciprocal replicates are shown.The phosphorylated residue is highlighted with
a subsequent (ph). (ac) reveals acetylation, (ox) oxidation. The “x” shows that the logz-value could not be
calculated due to a not quantified peptide for the nominator or denominator. “-“ marks no quantification.
Underlined values revealed statistical significance with p<0.05. Data obtained from Waltraud X. Schulze.

logz-values (ahk1-3/wt)

met. labeling no labeling

accession name phosphopeptide +man “man +man “man
AT2G18960 |AHAl EDVNIFPEKGS(ph)YR - - - 0.20 0.82
T(ph)LHGLQPK - - - 0.34 0.09

GLDIDTAGHHYT(ph)V 1.00 | 0.77 | -0.42 0.08 -0.64
(ac)S(ph)GLEDIKNETVDLEK - - - -0.47 X

AT4G30190 |AHA2 GLDIETPSHYT(ph)V -9.76 | -3.70 | -0.53 0.73 0.47
EAVNIFPEKGS(ph)YR - - - -0.29 0.22

LKGLDIETPSHYT(ph)V - - -0.60 - -

AT5G57350 |AHA3 LGMGS(ph)NMYPS(ph)SSLLGK 2.34 | 3.08 - - -
AT5G62670 |AHA11l GLDIETIQQAYT(ph)V - - - 0.23 0.23
LKGLDIETIQQAYT(ph)V - - - -0.87 X

The AHA activity was tested by Waltraud X. Schulze in 14 day old seedlings which were grown
contemporaneously with the not labeled samples for the analysis of the phosphoproteome of ahk1-3
and the wildtype Ws-2 in liquid culture and treated with 0.3M mannitol or mock. Therefore, the change
of supplemented inorganic phosphate was measured in protein extracts how it was described in
Lanzetta et al. (1979).

figure 4.28: AHA activity in ahk1l-3 and the
5 wildtype Ws-2 after mannitol treatment.
AHA activity in protein extracts was determined
by the measurement of the change of inorganic

4,
( phosphate which was added to the protein
3 T 1 l extracts. As control for AHA-independent
1 L changes of inorganic phosphate the inhibitors

L NaszVOs4, EDTA, NaNs and Bafilomycin Al were
added. Proteins were extracted from 14 day old
seedlings of Ws-2 (wt) and ahk1-3 (ahk1) which
1 were grown in liquid culture and treated with
mock or 0.3M mannitol (.man) which grew
: ' ‘ : contemporaneously to the seedlings for the
wt.man wt ahkl.man  ahkl non-labeling  phosphoproteomic  approach.
Shown are mean values and standard
deviations of two technical replicates.

AHA activity [nmol Pi min™ mgprotein™]
N

As control for AHA-independent changes of concentrations of inorganic phosphate NazVO4 was added
as inhibitor for AHAs, EDTA as inhibitor for Ca?*-ATPases, NaNs as inhibitor for ATPases and
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Bafilomycin Al as inhibitor for V-ATPases. Neither for Ws-2 nor for ahk1-3 after mock or mannitol
treatment a difference in AHA activity could be revealed (fig. 4.28).

AHAs influence the pH within the plant and in the outside. Additionally, Kang et al. (2012), Koyama et
al. (2001) and Zhou et al. (2010) suggested that the pH of the growth substrate influences root growth
whereas low pH amongst others disrupts calcium processes and high pH increases the disassembly of
microfilaments. Choi et al. (2014) and Cao et al. (2014) suggest extracellular ATP as central signaling
molecule in plant stress responses. In addition, ATP is the substrate for ATPases. Therefore it was
tested whether etiolated seedlings of ahkl knock down alleles reveal differences in hypocotyl and root
length after growth on media with different pH or ATP-supplementation.
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figure 4.29: Hypocotyl and root length of etiolated seedlings after growth on media with different pH or
supplementation with ATP

Hypocotyl (B, C) and root (D, E) length of seedlings of ahk1-3, ahk1-4, ahk1-3/35S::AHK1-GFP and their
wildtype Ws-2 which grew in the dark for three days after 2h light induction of germination on media with
pH 4.0, pH 5.7, pH 7.1, pH 8.5 (B, D) or media supplemented with 10uM ATP (C, E). The color code for the
lines in (B), (C), (D) and (E) is given in (A). The hypocotyl and root length has been normalized to the
wildtype which grew at the same conditions. Data were averaged between three replicates with at least 35
seedlings per line and treatment. Shown are mean values and standard deviations. Student's ttest was
used to calculate statistical significance. Stars above bars reveal statistical significance of difference in
comparison to the wildtype. *p<0.05; **p<0.01; ***p<0.001

In three replicates with at least 35 seedlings per line and treatment ahk1-3 and ahkl1-4 revealed
reduced hypocotyl length after growth on media with pH 4.0, pH 5.7 and pH 8.5. Furthermore, reduced
hypocotyl length was revealed for ahk1-4 on media with pH 7.1 and for ahk1-3/35S::AHK1-GFP on
media with pH 4.0 and pH 8.5 (fig. 4.29 B). A reduced root length could be detected for ahk1-3 and
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ahk1-4 after growth on media with pH 4.0 and pH 5.7. ahk1-3 showed a reduced, ahk1-3/35S::AHK1-
GFP showed an increased root length on media of pH7.1 No difference in root length could be
revealed on media with pH 8.5 (fig. 4.29 D). After growth on media with extracellular ATP no difference
in the hypocotyl (fig. 4.29 C) and root length (fig. 4.29 E) of ahk1-3, ahk1-4, ahk1-3/35S::AHK1-GFP
and their wildtype Ws-2 could be detected except the slight increase in root length of ahkl-
3/35S::AHK1-GFP. Under control conditions ahk1-3 and ahkl1l-4 showed the reduced hypocotyl and

root length like in previous experiments.

4.1.3.13 AHK1, BAK1 and a putative superkomplex
Previous studies of Katharina Caesar which analyzed the function of AHK1 could show an interaction
of AHK1 and BAKL1 in mbSUS assays in Saccharomyces cerevisiae as well as in FRET-FLIM-studies

using transient expression in Nicotiana benthamiana.

table 4.7: Quantified phophopeptides of brassinosteroid signaling and a putative supercomplex

Shown are the logz-values for the ratio of quantified peptides in ahk1-3 and the wildtype (wt) Ws-2 in the
experiments with a reciprocal metabolic labeling (met. labeling) experimental design or without labeling (no
labeling) after 10min treatment with 0.3M mannitol (+man) or mock respectively (-man). For met. labeling
+man logz-values of the two reciprocal replicates are shown. The phosphorylated residue is highlighted with
a subsequent (ph). (ac) reveals acetylation, (ox) oxidation. The “x” shows that the logz-value could not be
calculated due to a not quantified peptide for the nominator or denominator. “-“ marks no quantification.

Underlined values revealed statistical significance with p<0.05. Data obtained from Waltraud X. Schulze.

logz-values (ahk1-3/wt)
met. labeling no labeling
accession name phosphopeptide Fman Soan Hman han
AT4G39400 |BRI1 S(ph)IEDGGFSTIEM(0x)VDM(0x)SIK 12.82 | 5.99 - - -
AT5G46330 |FLS2 M(ox)NLT(ph)FISIGR -19.63| - - - -
AT5G48380 |BIR1 LK(t)F(s)V(s)DNRLVGPIPNFNQTLQFK  [-47.46|-14.91 - - -
AT3G28450 |BIR2 S(ph)GLTEVGVSGLAQR - - - 0,37 0,22
AT5G40170 |RLP54 S(ph)LVNC(t)(t)LK -21.10| - - - -
AT3G23010 |RLP36 IM(0x)DTFPFWLGS(ph)LPY(ph)LK 10.00 | 10.00 - - -
AT1G21210 |WAK4 HIVSYFASAT(ph)K 0.99 | 2.39 - - -
AT1G21230 |WAKS5 IMGEERPS(ph)M(ox)K 276 | 3.91 - - -
AT1G15990 [CNGC7 FIPLT(ph)SELK 4.06 - - - -
AT2G23080 |CKA3 IAAE(S)(S)RLRTQ -23.56| - - - -
AT4G35230 (BSK1 SYS(ph)TNLAYTPPEYLR - - - 0,04 -0,58
AT5G46570 |BSK2 TANLPSSDDPSAPNKPES(ph)VNGDQ
VDQEIQNFK - - - -0,43 X
AT3G54030 [BSK6 SASVLES(ph)PDIENGGK - - - X X
AT5G41260 |BSK8 S(ph)NPDVTGLDEEGR - - - 0,20 1,08
S(ph)NPDVTGLDEEGRGESNDLPQFR - - - 0,93 | -1,07
SYS(ph)TNLAFTPPEYLR - - - 1,07 -1,93
AT4G03080 [BSL1 QLS(ph)LDQFQNESR - - - 2,31 0,87
AT1G08420 (BSL2 LIHPLPPALS(ph)SPETSPER - - - 0,45 0,27
LVLFGGATALEGNSGGTGT(ph)PTSA
GSAGIR - - - -1,22 X
QLS(ph)IDQFENEGR - - - 0,27 0,31
QLS(ph)IDQFENEGRR - - - X X
QM(0x)S(ph)INSVPK - - - X 0,80
AT3G19820 |DWF1 (ac)S(ph)DLQTPLVRPK - - - 0,49 0,84
(ac)M(ox)SDLQT(ph)PLVR - 0.12 - - -
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CSM CSM+M  CSM+A+H CSM CSM+M  CSM+A+H

ODg 1.0 0.1 0.01 1.0 0.1 0.01

1.0 0.1 0.01 ODggo 1.0 0.1 0.01 1.0 0.1 0.01 1.0 0.1 0.01
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figure 4.30: Mating-based split ubiquitin assay with components of a putative supercomplex

Fusion constructs of AHK1, BRI1, BAK1, BIR1 and AHA1 with the C-terminal part of ubiquitin (Cub) were
transformed into the S. cerevisiae strain THY.AP4, fusion constructs of AHK1, BAK1, BRI1, BIR1, AHA1,
AHA2, WAK4, RLP44 and CNGC17 with the N-terminal part of ubiquitin (Nub) as well as the negative
control NubG and the positive control NubWT were transformed into the S. cerevisiae strain THY. APS5.
After the mating the interaction of the proteins was tested by dropping of the yeast on CSM minimal
medium (CSM) and verified by dropping them on CSM minimal medium supplemented with 50uM Met
(CSM+M) whereas CSM-Ade*-His* (CSM+A+H) served as growth control. The growth was recorded after
four days growth at 28°C. The detection of protein expression is shown in appendix A22.

Therefore it was very interesting that the analysis of the phosphoproteome revealed a differential
phosphorylation of BRI1 at the not yet characterized phosphorylation site Serll72 as well as
differential phosphorylation of BIR1. Additionally a phosphorylated peptide originating from BIR2 was
guantified as well as many phosphopeptides which belong to proteins involved in BR-signaling (table
4.7) or to LRR-RKs (appendix A33, A34, A35).

pGBKT7-AHK1-ED pGBKT7-Dest

ODg 10 01 001 10 01 001 10 01 001 10 01 001
Dest ? . Q
AHK1-ED
WAK4

pGADT7-

CSM-L-T-A CSM-L-T  CSM-L-T-A CSM-L-T

figure 4.31: AHK1-ED does not dimerize nor interact with WAK4

The reporter yeast strain pJ69-4A was co-transformed with the BD-fusion contruct of AHK1-ED (pGBKT7-
AHK1-ED) and the AD-fusion constructs of AHK1-ED (pGADT7-AHK1-ED) and WAK4 (pGADT7-WAK4)
respectively. The empty destination-vectors (pGBKT7-Dest, pGADT7-Dest) were used as control. For the
interaction test the respectively transformed yeast was plated on the auxotrophy medium CSM-Leu™-Trp-
Ade” (CSM-L-T-A) as well as on the growth control medium CSM-Leu-Trp- (CSM-L-T) and grown for four
days at 28°C. The detection of protein expression is shown in appendix A23.

91



RESULTS

Unfortunately not all of the proteins could be cloned and tested in different interaction studies, but it
could be revealed that AHK1 does not interact with BRI1, BIR1, AHALl, AHA2, WAK4, RLP44 and
CNGC17 in the mbSUS whereas it interacts with BAK1 which in turn interacts with BRI1, BIR1, AHA1
and AHAZ2 (fig. 4.30). An additional yeast two-hybrid assay showed, that the extracellular domain of
AHK1 (AHK1-ED) does not interact with the putatively extracellular kinase WAK4 neither (fig. 4.31).
Additionally this assay did not reveal dimerization of AHK1-ED (fig. 4.31).

BRI1-RFP AHK1-GFP brightfield merge
figure 4.32: Localization of BRI1-RFP and AHK1-GFP
Transient co-expression of BRI1 tagged with a C-terminal RFP (BRI1-RFP, red) and AHK1 tagged with a
C-terminal GFP (AHK1-GFP, green) in N. benthamiana reveals in confokal microscopy that BRI1-RFP and
AHK1-GFP co-localize at the plasma membrane and in vesicle-like structures (white arrows) in the water
control as well as after treatment with 0.8M mannitol. Both proteins were expressed under the control of the
CaMV 35S-promoter. Samples were analyzed two days after transformation. The scale is 10um.

water

0.8M mannitol

Although AHK1 did not interact with BRI1 in mbSUS, transiently expressed AHK1-GFP and BRI1-RFP
co-localized in leaves of Nicotiana benthamiana (fig. 4.32) to the plasma membrane and to vesicle-like
structures as they were described in 4.1.1.2. AHK1-GFP and BRI1-RFP were expressed under the
control of the CaMV 35S-promoter but the expression was too weak for FRET-FLIM studies. For
additional localization and interaction studies binary plant vectors were generated with BIR1 fused to
C-terminal RFP and GFP (pB7RWG2-BIR1 and pB7FWG2-BIR1). In consideration of the new
phosphorylation site of BRI1 at Serll172 and its putative function during osmotic stress first vector
constructs were generated which encode BRI1 with Serl172 mutated to Ala and Glu (pDONR207-
BRI1-S1172A and pDONR207-BRI1-S1172E).

BRs are known to be involved in several developmental processes like for example flowering time (Li
et al., 2010). In one flowering time experiment it was revealed that ahk1-3 and ahk1-4 do not have an
altered flowering time in comparison to the wildtype neither in long (fig. 4.33 B) nor short day
conditions (fig. 4.33 C). The double mutant bril-5 ahk1-3 which was obtained by crossing had an
increased number of rosette leaves at the time point of flowering (fig. 4.33 A) and flowered later than
the wildtype and ahk1-3 in long day conditions (fig. 4.33 B) whereas it exhibited the same phenotype
as the bril-5 single mutant (fig. 4.33 A, B). In short day conditions bril-5 ahk1-3 flowered later than the
wildtype and ahk1-3 but earlier than bri1-5 (fig. 4.33 C). In long day conditions ahk1-3/35S::AHK1-GFP
showed a slightly earlier flowering than the wildtype, ahk1-3 and ahk1-4 (fig. 4.33 B).

According to Zhou et al. (2013) BRs are also involved in the growth of etiolated hypocotyls. Therefore

three day old etiolated seedlings were analyzed upon their hypocotyl and root length.
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figure 4.33: Flowering time in long and short day conditions

(A) Rosette leaf number of the respective plant lines when transition from vegetative to reproductive growth
takes place in long day conditions. (B) Number of days after germination when bolting of the respective
plant lines starts in long day conditions. (C) Number of days after germination when bolting of the
respective plant lines starts in short day conditions. Shown are mean values and standard deviations of
one experiment with at least 23 plants per line and condition. Statistical significance was calculated using
student's t-test. Stars above bars indicate the statistical significance of difference to the wildtype, stars
above brackets give the significance of difference between the two indicated lines. *p<0.05; ***p<0.001

In four replicates with at least 32 seedlings per line and treatment ahkl-3 and ahkl1-4 revealed
decreased length of hypocotyls (fig. 4.34 A) and roots (fig. 4.34 B) in comparison to the wildtype at
control conditions as well as upon treatment with 100nM brassinolide (BL) or 100nM of the inhibitor of
brassinolide biosynthesis propiconazole (Pcz). ahk1-3/35S::AHK1-GFP showed longer hypocotyls at
control conditions and upon treatment with 100nM BL. No difference in comparison to the wildtype
could be observed for the hypocotyl length of ahk1-3/35S::AHK1-GFP after growth on 100nM Pcz as
well as for the root length after growth on control conditions, 100nM BL and 100nM Pcz. bril-5 and
bril-5 ahk1-3 revealed a decreased root length at all growth conditions and a decreased hypocotyl
length at control conditions as well as after growth on 100nM Pcz. Supplementation with 100nM BL led
to a wildtype-like hypocotyl length in bril-5 and bril-5 ahk1-3 and to an increased hypocotyl length in
bak1-1 and bak1-1 ahk1-3 in comparison to the wildtype. In general bak1-1 shows a shorter hypocotyl
and root length than bak1-1 ahk1-3 except for the root length at control conditions.

To verify that this effect did not derive from altered germination an additional germination assay was
executed in which the germination time (fig. 4.35 A, B) was investigated in addition to the germination
rate (fig. 4.35 C). At control conditions as well as on 0.3M mannitol the germination time was not
altered in comparison to the wildtype for ahk1-3, ahk1-4, ahk1-3/35S::AHK1-GFP and bak1-1 ahk1-3
whereas bril-5, bril-5 ahk1-3 and bak1-1 needed approximately half a day longer. For the germination
rate no difference could be revealed neither at control conditions nor on mannitol-supplemented media
for ahk1-3, ahk1-4, ahk1-3/35S::AHK1-GFP, bril-5, bril-5 ahk1-3, bakl-1 and bakl-1 ahk1-3 except
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for bril-5 which showed a reduced germination rate on media supplemented with 0.3M mannitol
(fig4.35 C). A germination assay n BL and Pcz remains to be conveyed.

In addition to the investigation of hypocotyl and root length of three day old etiolated seedlings in the
Ws-2 ecotype the experiment was repeated in the Col-0 ecotype.
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figure 4.34: Hypocotyl and root length of etiolated ahkl knock down seedlings of the Ws-2 ecotype after
growth on brassinolide and propiconazole

Hypocotyl (A) and root (B) length of seedlings which grew in the dark for three days after 2h light induction
of germination on control media and media which were supplemented with brassinolide and the
brassinolide biosynthesis inhibitor propiconazole. The different treatments are separated by dashed
lines.The hypocotyl and root length has been normalized to the respective wildtype. Data were averaged
between four replicates with at least 32 seedlings per line and treatment. Shown are mean values and
standard deviations. Student's ttest was used to calculate statistical significance. Stars above bars reveal
statistical significance of difference in comparison to the wildtype. Stars above brackets show the statistical
significance of difference between the two indicated lines. *p<0.05; **p<0.01; ***p<0.001
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figure 4.35:  Germination of ahk1 knock down alleles

Germination time of ahkl knock down alleles, wildtype and controls on half strength MS salts (A) and
media supplemented with 0.3M mannitol (B) after four days of stratification. (C) Germination rate of ahkl
knock down alleles, wildtype and controls on half strength MS salts (dark grey) and media supplemented
with 0.3M mannitol (light grey) after six days of constant light. Mean values and standard deviation of three
replicates with 50 seeds per line and condition. Student's t-test was used to determine the statistical
significance. * 0.01<p<0.05; ** 0.001<p<0.01.

In the Col-0 ecotype the hypocotyl length of the ahkl knock down alleles ahk1-5 and ahk1-6 was the
same like in the wildtype at control conditions whereas the AHK1 overexpressor (AHK1 ox) revealed a
decreased hypocotyl length. After growth on 100nM BL ahk1-6 showed an increased hypocotyl length.
A decreased hypocotyl length could be revealed for AHK1 ox on 100nM BL and for ahk1-5 and AHK1
oc on 100nM Pcz (fig4.36 A). The root length of ahk1-6 in comparison to the wildtype is increased at
control conditions and after growth on 100nM BL. AHK1 ox showed a decreased root length in
comparison to the wildtype in all conditions (fig. 4.36 B). The mutants ahal-6 and aha2-4 as well as
bril-301 and bakl1-3 showed shorter length of hypocotyls and roots at control conditions and after
growth on 100nM Pcz except for the root length of ahal-6 at control conditions. BL-supplementation
led to a wildtype-like length of hypocotyls and roots of ahal-6 and aha2-4. Furthermore, BL-
supplementation caused wildtype-like root length of bril-301 and longer hypocotyls in comparison to
the wildtype. This could also be observed for the hypocotyl length of bak1-3 whereas the root length
stays shorter in comparison to the wildtype. The so far not characterized putative gain-of-function or
knock down mutant of CNGC7 (cngc7, SALK _019117.56.00.x) revealed shorter hypocotyl and root
length after growth on control conditions, BL and Pcz (fig. 4.36). A germination assay for the Col-0 set

remains to be added.
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figure 4.36: Hypocotyl and root length of etiolated ahkl knock down seedlings in the Col-0 ecotype
after growth on brassinolide and propiconazole

Hypocotyl (A) and root (B) length of seedlings which grew in the dark for three days after 2h light
induction of germination on control media and media which were supplemented with brassinolide and
the brassinolide biosynthesis inhibitor propiconazole. The different treatments are separated by
dashed lines.The hypocotyl and root length has been normalized to the respective wildtype. Data
were averaged between four replicates with at least 32 seedlings per line and treatment. Shown are
mean values and standard deviations. Student's ttest was used to calculate statistical significance.
Stars above bars reveal statistical significance of difference in comparison to the wildtype. *p<0.05;
**p<0.01; **p<0.001

The interaction studies and the length of hypocotyls and roots of the different mutants in the Ws-2
ecotype indicate a physiological relationship of AHK1 and BAK1. This arose the question whether
these mutants also reveal a different response to pathogens. Therefore a pathogen assay with the
necrotrophic fungus Alternaria brassicicola was executed by Jens Riexinger within cooperation with
Birgit Kemmerling (plant biochemistry, ZMBP, University of Tuebingen, D) (Mosher et al., 2013). Here
the same effect could be observed like in the root growth assay. Dependent on factors which have so
far not been identified, the different Arabidopsis thaliana mutants show opposing effects (fig. 4.37). In a
first experiment with at least 18 leaves per plant line ahk1-4 and ahk1-3/35S::AHK1-GFP showed a
decreased disease index in comparison to the wildtype seven, ten, and fourteen days after inoculation
with Alternaria brassicicola spores whereas bril-5 and bril-5 ahk1-3 revealed an increased disease
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index. No difference to the wildtype was observed for ahk1-3, bakl-1 and bakl1-1 ahk1-3 except for
bakl-1 ahkl-3 fourteen days after inoculation (fig. 4.37 B). In a second experiment an increased
disease index in comparison to the wildtype was observed seven days after inoculation for bril-5 and

for bakl-1 seven and ten days after inoculation (fig. 4.37 C). Trypan blue staining remains to be

conveyed.
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figure 4.36: Susceptibility of ahkl mutants to Alternaria brassicicola

Disease symptoms were monitored 7, 10 and 13 days after inoculation of 5 week old plants of the
indicated genotypes with 10° Alternaria brassicicola spores per ml (B, C). (A) gives the color code for (B)
and (C). Shown are mean values and standard deviations of experiment 1 (B) and experiment 2 with at
least 18 analyzed leaves per line (C). Student's t-test was used to calculate the significance of difference,
which is indicated by stars above the bars for the significance of difference in comparison to the wildtype
and above brackets for the highlighted lines. *p<0.05; **p<0.01; ***p<0.001. Pictures of representative
leaves were taken thirteen days after inoculation for experiment 1 (D) and experiment 2 (E).

4.2 Phosphoproteomic study of short-term kinetin treatment of Col-0 and ahk?2

ahks3
Dautel et al, The Sensor Histidine Kinases AHK2 and AHK3 Proceed into Multiple
Serine/Threonin/Tyrosine Phosphorylation Pathways in Arabidopsis thaliana, Molecular Plant (2015) is

attached in appendix A31. My contribution to this paper is described in appendix A32.
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5 DISCUSSION

In previous studies it has been suggested that AHK1 perceives osmotic stress as a mechano-sensitive
receptor kinase and acts as a positive regulator of osmotic stress signaling (Urao et al., 1999; Reiser et
al., 2003; Tran et al., 2007; Wohlbach et al.2008). This has been contradicted by Kumar et al. (2013).
Therefore, continuative experiments have been executed to gain insight into AHK1-dependent signal-
perception and signal-transduction.

The comparison of the phosphoproteome of the ahkl knock down line ahk1-3 and the wildtype Ws-2
after mock and osmotic stress treatment which was applied with the use of 0.3M mannitol revealed a
general difference in the phosphoproteome of ahkl1l-3 and Ws-2 but also a mannitol-dependent
difference indicating that AHK1 might indeed be involved in the response to osmotic stress but also in
several developmental and adaptive processes. In this as well as in previous studies, experiments
which tested the influence of AHK1 on the response to osmotic stress did not reveal a constant
phenotype of ahkl knock down lines. For example Wohlbach et al. (2008) and Kumar et al. (2013)
published contradictory results of root growth assays in which they used different ecotypes and
different growth conditions with, amongst others, different temperatures to test ahkl knock down lines.
A repetition of this assay in this study with the previously analyzed three ecotypes revealed that the
differences in root growth might not just depend on osmotic stress but also on temperature and light
(fig. 4.7 and fig. 4.9). This is suggested by the circumstance that the plant growth chamber in which the
root growth assays were executed had problems in summer to reduce the temperature to the set
temperature and is confirmed by the fact, that etiolated seedlings of ahk1 knock down alleles showed a
decreased hypocotyl and root length at least in the Nos-0 and Ws-2 ecotype in comparison to the
respective wildtype (fig. 4.15) at 20°C but a wildtype-like length at 28°C (fig. 4.17). This indicates that
at elevated temperatures the elongation is more increased in ahkl knock down lines than in the
wildtype and that AHK1 in fact contributes to temperature-dependent growth. Furthermore, this
indicates a negative effect of AHK1 on temperature-induced hypocotyl elongation. Accordingly,
elevated temperatures led to increased elongation growth in dark-grown ahk1 knock down seedlings.
The phenotype of shorter hypocotyls and roots in etiolated ahkl knock down seedlings of the Ws-2
ecotype was lost to a wildtype-like hypocotyl and root length after growth at osmotic stress conditions
which were applied with the use of the osmotically active substance mannitol (fig. 4.16; Osakabe et al.
2013). As osmotic stress is known to inhibit root elongation (Verslues et al., 2006, Golldack et al.,
2014), the fact, that the absence of AHK1 leads to a wildtype-like hypocotyl and root length in etiolated
seedlings after growth on mannitol-supplemented media and therefore to an increase in elongation
growth, indicates a positive effect of AHK1 on osmotic stress regulation which has already been
suggested by Tran et al. (2007) and Wohlbach et al. (2008) but contradicted by Kumar et al. (2013).
These observations lead to the question of the molecular mechanisms which cause the phenotype of
etiolated ahkl knock down seedlings under control conditions but also in reaction to different

treatments. In figure 5.1 a part of the plantal signal transduction network is shown which might be
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involved in AHK1-dependent signaling. It comprises information about previously investigated protein
interactions and phosphorylation events as well as the contribution of some phosphopeptides which
were quantified in the phosphoproteome of ahk1l-3 and the wildtype Ws-2 as well as the minor
contribution of phosphopeptides which were quantified in the phosphoproteome of ahk2 ahk3 and Col-
0 seedlings. With the help of this figure possible explanations can be found for the phenotype of

etiolated ahkl knock down seedlings.

5.1 Increased temperature-induced hypocotyl elongation of etiolated ahkl

knock down seedlings might depend on HY5-levels and phyD signaling

In previous studies it has been shown that warmth induces hypocotyl elongation exclusively in light-
grown seedlings (Gray et al., 1998; Stavang et al., 2009; Oh et al., 2012; Delker et al., 2014). In
contrast to these findings in Col-0, this study shows, that Ws-2 revealed the temperature-induced
hypocotyl elongation not just in light-grown seedlings but also in etiolated seedlings (Gray et al., 1998).
Furthermore, ahkl knock down alleles show shorter hypocotyls and roots in the Ws-2 ecotype but
wildtype-like hypocotyl and root length in Col-0 (fig. 4.15). Ws-2 is homozygous for a 14bp deletion in
its PHYD gene causing the lack of phyD (Aukerman et al., 1997). phyD is known to be involved
especially in mediating hypocotyl elongation (Aukerman et al., 1997). This suggests that the difference
of the hypocotyl and root length phenotype of etiolated ahk1 knock down alleles in the Ws-2 and Col-0
ecotype as well as the temperature-induced hypocotyl elongation in etiolated seedlings of the Ws-2
ecotype might in part depend on so far uncharacterized regulatory mechanisms of phyD. According to
the already described temperature-induced hypocotyl elongation which basically depends on
decreased levels of the transcription factor HY5 which in turn causes altered PIF levels and auxin
responses, in etiolated seedlings this might comprise either enhanced degradation of HY5 as HY5
levels are generally low in darkness, increased inactivation of HY5 by phosphorylation at Ser36 in its
COPL1 binding domain, increased expression of PIF4 which is repressed by HY5 or stabilization of
PIF4 through protein-interaction for instance with BZR1 or post-transcriptional modifications (Gray et
al., 1998; Hardtke et al., 2000; Shen et al., 2005; Cheng et al., 2006; Oh et al., 2006; Al-Sady et al.,
2006; Stavang et al., 2009; Stepanova et al., 2011; Won et al., 2011; Oh et al., 2012; Park et al., 2012;
Toledo-Ortiz et al., 2014; Delker et al., 2014). The phosphoproteome of light-grown ahk1-3 and Ws-2
seedlings revealed an AHK1-dependent differential phosphorylation of COP1 (AT2G32950) and CUL4
(AT5G46210) which both contribute to the DET1-COP1-HY5 pathway (Delker et al., 2014; Lau and
Deng, 2012; Nixdorf and Hoecker, 2010; Hua and Vierstra, 2011). This indicates that an alteration in
HY5 degradation might occur in light but might also be influenced in darkness through AHK1-
dependent post-translational modifications of other proteins.

In light-grown seedlings the phosphoproteome of ahk1l-3 and Ws-2 did not reveal changes in the
phosphorylation of HY5 (AT5G11260) itself, neither after mock nor after mannitol treatment.

Still, the phosphorylation of HY5 in darkness is conveyed by a phytochrome dependent kinase, which
is putatively a casein kinase 2 (Hardtke et al., 2000). So possibly the phosphorylation of HY5 is not

altered in light but in darkness in a phytochrome dependent manner.
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figure 5.1:  (previous side) Phosphorylation network with proteins of which phosphopeptides were
quantified in the phosphoproteome of ahk1-3 and the wildtype Ws-2.

Proteins of which phosphopeptides were identified and quantified in the phosphoproteome of ahk1-3 and
the wildtype Ws-2 are highlighted in grey and listed with their respective accession and logz-values in
appendix A33, A34 and A35. A ,p‘in front of the short cut of the protein‘'s name designates the
phosphorylation of this protein. The bar beyond the phosphorylated proteins which have been quantified in
the phosphoproteome is divided in four boxes which describe whether the phosphopeptide was detected in
the analysis of the phosphoproteome after metabolic labeling and 10min treatment with 0.3M mannitol (left),
after metabolic labeling and 10min mock treatment (second from the left) or in a non-labeling experimental
design after 10min treatment with 0.3M mannitol (second from the right) or mock treatment (right).
According to the previously set threshold for differential phosphorylation the boxes in this bar highlight
whether the protein was more phosphorylated in ahk1-3 in comparison to the wildtype with logz2(ahk1/wt) > 1
(green), less phosphorylated with log2(ahk1/wt) < -1 or similar phosphorylated with -1 < logz(ahk1/wt) < 1
(blue). In case no logz(ahkl1/wt)-value could be obtained, the respective box is highlighted in black whereas
it is white when no phosphopeptide was quantified. When boxes of proteins show contact this indicates
physical protein interaction. BZR1 and pBZR1 respectively are outlined with a thick black frame due to the
involvement in several pathways. Casein kinases are outlined in brown. Arrows designate the promotion of
a process, arrows with a blunt end highlight the inhibition of a process. Rectangular arrows indicate gene
expression. Dashed lines designate assumed regulatory mechanisms. AHK1 is highlighted in violett.
Signals like light, Ca?*, the pathogen associated molecular pattern flg22, abscissic acid (ABA), auxin and
brassinolid (BL) which lead to an adaption of the plant are highlighted in yellow. Proteins of which
phosphopeptides were also quantified in the phosphoproteome of ahk2 ahk3 after 10min treatment with
kinetin are outlined with a green frame for logz(ahk2 ahk3/wt) > 1, with a red frame for logz(ahk2 ahk3/wt) <
-1 and with a blue frame for -1 < logz(ahk2 ahk3/wt) > 1. The references in which the shown
phosphorylation and regulatory events have been described are noted in the text.

This might occur through different mechanisms. It is known, that the Pr- as well as the Pfr-form of
phytochromes can occur phosphorylated (Kim et al., 2005). For instance, for phyA it has been shown
that the underphosphorylated Pr-form of phyA preferentially interacts with the transcription factor FHY3
which prohibits its translocation to the nucleus and therefore represses its effect on gene expression
(Seo et al.; 2004; Saijo et al., 2008). Such a mechanism might also exist for phyB to phyE. In addition,
phyB to phyE are known to form heterodimers (Sharrock and Clack, 2004). This might influence the
specificity of interaction with different target proteins. Therefore the lack of phyD in the Ws-2 ecotype
might lead to a gap in heterodimerization which might alter specific responses through varied protein-
interactions which in turn causes in the case of temperature-induced hypocotyl elongation, lower HY5
levels, increased PIF4 levels or influences other pathways which induce elongation growth upon
elevated temperatures (Gray et al., 1998; Sharrock and Clack, 2004; Delker et al., 2014).

According to the negative effect of AHK1 on temperature-induced hypocotyl elongation in etiolated
seedlings of the Ws-2 ecotype, components of this pathway might be phosphorylated in an AHK1-
dependent manner. This might be achieved through an AHK1-dependent phosphorelay which
activates type-B response regulators which can directly regulate gene expression possibily including
the expression of PIF4 (Urao et al., 2000; Dortay et al., 2006; Mira-Rodado et al., 2007; Dortay et al.,
2008). Furthermore AHK1-dependent type-A response regulators might regulate kinases or
phosphatases which in turn regulate enzyme activity (Urao et al., 2000; Sweere et al., 2001; Dortay et
al., 2006; Mira-Rodado et al., 2007; Dortay et al., 2008). For instance it could be suggested that ARR4
is activated in an AHK1 dependent manner to interact with phyB or the protein phosphatase 2C family
protein AT3G12620 (Sweere et al., 2001; Mira-Rodado et al., 2007; Dortay et al., 2008). A comparable

regulation of enzyme activity might in turn be involved in an altered activity of the E3 ligase comprising
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COP1 and CUL4 which are shown to be differentially phosphorylated in an AHK1-dependent manner
and which are known to target HY5 for degradation (Hardtke et al., 2000; Hua and Vierstra, 2011,
Delker et al., 2014).

5.2 AHK1 might contribute to brassinosteroid signaling through the
interaction with BAK1

The positive effect of AHK1 on osmotic stress regulation might be correlated with brassinosteroid (BR)
signaling as the phosphoproteome of ahk1-3 and the wildtype Ws-2 revealed several proteins which
are known to be involved in BR signaling to be differentially phosphorylated in ahk1-3 in comparison to
the wildtype Ws-2 upon mock or osmotic stress treatment which was applied with the use of 0.3M
mannitol (Tran et al., 2007; Wohlbach et al., 2008). Furthermore, the altered temperature-induced
hypocotyl elongation suggests a contribution of PIF4 and BZR1 to AHK1-dependent elongation growth
whereas BZR1 is a component of BR signaling (Oh et al., 2012). In addition it has previously been
shown by Katharina Caesar that AHK1 interacts with BAK1 (unpublished data). BAKL in turn interacts
with many other proteins including the brassinosteroid receptor BRI1, the receptor of the pathogen-
associated molecular pattern (PAMP) flg22 FLS2, H*-ATPases and cyclic nucleotide gated channels
(CNGCs) (Li et al., 2002b; Sun et al., 2013; Ladwig et al., 2015; fig. 4.30). Knock down mutants of
BRI1, BAK1, AHK1, AHA1 and AHA2 as well as a putative gain-of-function or knock down mutant of
CNGCY7 (cngc7; SALK 019117.56.00.x) reveal decreased elongation growth of hypocotyls and roots in
etiolated seedlings in comparison to the respective wildtype (fig. 4.34 and fig. 4.36) indicating a
contribution of all these proteins in the regulation of skotomorphogenesis. Thereby, the double mutant
bril-5 ahk1-3 revealed the bril-5 phenotype indicating BRI1 acting epistatic to AHK1 (fig. 4.34).
Etiolated seedlings of the double mutant bakl-1 ahk1-3 revealed ahkl-3-like hypocotyl length but
bakl-1-like root length indicating a tissue-specific epistasis of AHK1 and BAK1 under control
conditions. The generation and analysis of a bril-5 bakl-1 ahkl-3 triple mutant remains to be
conveyed. Still, it can be assumed, that AHK1 influences BR signaling. This might occur through
different ways. One way might be the AHK1-dependent change of abundance of BZR1 interaction
partners like it was suggested for PIF4 during elevated temperatures (Oh et al., 2012). Another way
might be initiated by the interaction of AHK1 and BAK1. It has been shown that BAK1-mediated
signaling specificity depends on the transphosphorylation pattern of BAK1 and its interacting receptor-
like kinases (RLKs) (Wang et al, 2014a). In addition it is assumed, that distinctive
transphosphorylation patterns of BAK1 interacting RLKs can be generated when the phosphorylation
status of BAK1 is altered (Wang et al., 2014a). This means that the interaction of BAK1 with different
RLKs or other proteins like AHK1 might vary the phosphorylation status of BAK1 and therefore the
transphosphorylation pattern and activity of the RLKs including BRI1 (Wang et al., 2008). This would
provide an explanation for the differential phosphorylation of BRI1 at Ser1172 in light-grown 14d old
ahk1-3 seedlings in comparison to the wildtype after 10min treatment with 0.3M mannitol (Wang et al.,
2008). It has to be noted that this is an until now unidentified phosphorylation site of BRI1 (Wang et al.,
2008). This differential phosphorylation of BRI1 might subsequently lead to altered activity or
interaction of BRI1 with proteins and to a difference in the phosphorylation status of these proteins. An
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altered activity of BRI1 by the AHK1-dependent phosphorylation at Serl172 can be suggested due to
the phenotype which was observed in etiolated seedlings which grew on 100nM brassinolide (BL) or
the BR-biosynthesis inhibitor propiconazole (Pcz) respectively (fig. 4.34). As BAK1 and BRIl
transphosphorylate upon BL-perception which initiates phosphorylation cascades and finally amongst
others leads to elongation growth the disruption of BAK1 in bakl-1 leads to a decrease of hypocotyl
elongation under control conditions (Wang et al., 2008; Wang et al., 2012b). BL-supplementation might
cause the enhanced elongation growth of hypocotyls of etiolated bak1-1 seedlings through increased
activation of BRI1. This occurs in presence of AHK1 which might mediate the phosphorylation or the
loss of phosphorylation of BRI1 at Ser1172. The disruption of AHK1 in bak1-1 might possibly lead to
the change of phosphorylation at Ser1172 and might thereby cause the enhanced hypocotyl length of
etiolated bakl-1 ahk1-3 seedlings indicating a positive effect of this phosphorylation site on BRI1
activity. The AHK1-dependent phosphorylation of BRI1 at Serll72 seems thereby to be BL-
independent as etiolated bakl-1 ahk1-3 seedlings which grew on media supplemented with 100nM
Pcz revealed an increased hypocotyl length in comparison to bakl-1 indicating that the AHKI1-
dependent change of BRI1 phosphorylation at Ser1172 still causes increased BRI1-activity and BR-
signaling which causes increased elongation growth. In addition, this indicates that the phosphorylation
of BRI1 at Serll72 might be independent of BAK1 transphosphorylation although it can not be
excluded. It remains to be elucidated whether the AHK1-dependent phosphorylation of BRI1 at
Serl172 is enhanced or reduced in etiolated seedlings.

Furthermore, the phosphorylation of BRI1 at Serl1172 might lead to a difference of BRI1 interaction
with other proteins as several proteins in the BRI1-dependent phosphorylation cascade show
differential phosphorylation in ahk1-3 and Ws-2. It is known, that BRI1 phosphorylates and therefore
activates the kinase CDG1 (Kim et al., 2011). CDG1 unfortunately was not quantified itself in the
phosphoproteome of ahk1-3 and Ws-2 but active CDG1 is known to phosphorylate and activate the
phosphatases BSU1, BSL1 and BSL2 (Kim et al.; 2011). The phosphatase BSL2 (AT1G08420) was
identified to be less phosphorylated at Thrl47 in ahk1-3 in comparison to the wildtype after mannitol
treatment and is known to dephosporylate and activate the kinase BSK8 (Wu et al.,, 2014). BSKS8
(AT5G41260) in turn was more phosphorylated in ahk1-3 at Ser213 after mannitol treatment and less
phosphorylated at this site after mock treatment whereas Ser20 did not show differential
phosphorylation. Wu et al. (2014) showed that the phosphorylation of BSK8 at Ser213 reduces the
ability of BSK8 to deactivate SPS1F (AT5G20280) through its phosphorylation at Ser152. SPS1F is
involved in the regulation of sucrose metabolism and sucrose in turn is an osmotically active substance
(Wu et al., 2013; Osakabe et al.; 2013). Therefore SPS1F might play a role in osmotic adjustment. The
phosphorylation of SPS1F at Serl52 was not altered in ahk1-3 neither after mock nor mannitol
treatment but increased for Ser684, Ser688 and Ser700. The role of these phosphorylation sites in
protein interaction and activity of SPS1F remains to be elucidated. The deactivation of SPS1F through
phosphorylation at Serl52 can be rejected by dephosphorylation by the protein phosphatase 2C
(PP2C) family protein ABI1 which has not been quantified in the phosphoproteome of ahk1-3 and Ws-2
but whose activity is known to be inhibited upon ABA signaling (Nishimura et al., 2010; Finkelstein,
2013).
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The differential phosphorylation of the components of this pathway suggests that the AHK1-dependent
phosphorylation of BRI1 at Ser1172 might indeed play a role in the binding affinity or phosphorylation
effectiveness of BRI1 towards CDG1. Thereby, the phosphorylation status of CDG1 might alter its
binding specificity as CDG1 is known to phosphorylate and activate BSL1 (AT4G03080) and BSL2
whereat BSL1 revealed an increased phosphorylation and BSL2 a decreased phosphorylation in ahk1-
3 in comparison to the wildtype after mannitol treatment. The decreased phosphorylation of the
phosphatase BSL2 and therefore its decreased activity might cause the increased phosphorylation of
BSK8 in ahk1-3 in comparison to the wildtype after mannitol treatment (Wu et al., 2014). In addition the
increased phosphorylation of BSK8 might be explained by an increased kinase activity of BRI1 directly
towards BSK8 as BRI1 and BSK8 have been shown to interact as well (Sreeramulu et al., 2013).

Therefore it remains to be elucidated, which kinase targets the respective phosphorylation site.

5.3 Altered BZR1-levels might explain hypocotyl and root length phenotype of
etiolated ahk1 knock down seedlings.

Still, this does not explain the reduced hypocotyl and root length of etiolated ahkl knock down
seedlings. An important link between light-, BR- and auxin-signaling is the transcription factor BZR1
(Oh et al., 2012; Oh et al., 2014; Delker et al., 2014). BZR1 can be phosphorylated (pBZR1) by the
phosphorylated and therefore active kinase BIN2 as well as by the kinase MPK4 (He et al., 2002; Li et
al., 2002a; Kim et al., 2009; Wang et al., 2013). Upon phosphorylation, BZR1 is known to be bound by
14-3-3 proteins, translocalized from the nucleus to the cytoplasm and therefore less active as
transcription factor (Gampala et al., 2007). On the one hand pBZR1 is targeted for degradation through
the interaction with the COP1 comprising E3-ligase which is in darkness active in the nucleus (He et
al.,, 2002; Yin et al, 2002; Hua and Vierstra, 2011). On the other hand, pBZR1 can be
dephosphorylated during cytoplasmic retention by protein phosphatase 2A (PP2A) family proteins
which are heterotrimeric serine/threonine phosphatases which are composed of a scaffolding A
subunit, a regulatory B subunit and a catalytic C subunit (Tang et al., 2011; Farkas et al., 2007).
Subsequently BZR1 is relocated to the nucleus mediating activation and repression of gene expression
(Tang et al., 2011).

The analysis of the phosphoproteome of ahk1-3 and the wildtype Ws-2 after mannitol treatment
revealed several proteins to be differentially phosphorylated which are involved in the regulation of
BZR1 activity. One of these proteins is the protein phosphatase 2C (PP2C) family protein AP2C1
(AT2G30020) which revealed increased phosphorylation in ahk1-3 after mannitol treatment and which
dephosphorylates and thereby inactivates MPK4 which in turn leads to decreased levels of pBZR1
(Schweighofer et al., 2007; Asai et al., 2002; Wang et al., 2013; Kang et al., 2015b). Another protein
which was identified to be less phosphorylated in ahk1-3 after mannitol treatment and which is known
to directly interact with BZR1 is a protein phosphatase 2A (PP2A) regulatory B subunit (AT5G25510)
which leads to dephosphorylation of cytoplasmic pBZR1 and therefore to the nuclear translocation and
reactivation of BZR1 (Farkas et al., 2007; Tang et al., 2011). Furthermore, COP1 and CUL4 which are
components of the E3-ligase which is assumed to target pBZR1 for degradation in darkness reveal

differential phosphorylation in ahk1-3 in comparison to the wildtype after mannitol treatment (Kim et al.,
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2014). The altered phosphorylation of AP2C1, PP2A regulatory B subunit, COP1 and CUL4 might
cause altered binding affinities of the COP1 E3-ligase towards pBZR1, to changes in the enzyme
activity or to changes in the complex composition and therefore to altered target specificity.
Unfortunately the identified phosphorylation sites of all these proteins are not yet characterized in
regard to their influence on enzyme activity, complex association or BZR1 binding capability. Still, it
can be assumed that these post-translational modifications which occur AHK1- and mannitol-
dependent might play a role in the observed ahkl phenotype of decreased hypocotyl and root growth.
This might work through decreased BZR1 levels or activity in etiolated seedlings of ahkl knock down
lines of the Ws-2 ecotype during growth at control conditions which might be achieved by decreased
phosphatase activity of AP2C1 through altered phosphorylation, less binding capability towards BZR1
of PP2A which might occur due to altered PP2A complex association through altered phosphorylation
of the BZR1 binding PP2A regulatory B subunit as well as through increased degradation of pBZR1 by
the COP1 E3 ligase. Decreased BZR1 levels or activity might in cooperation with PIF4 reduce the
promotion of the expression of the auxin response genes SAUR19 to SAUR24, IAA19 and 1AA29
which leads to a decrease in auxin response and therefore weakened elongation growth (Franklin et
al.,, 2011; Oh et al., 2012; Delker et al., 2014). In addition, less active BZR1 might lead to slightly
increased expression of positive regulators of photomorphogenesis like BZS1 and GATA4 which might
also reduce the elongation growth of hypocotyls and roots (Luo et al., 2010; Fan et al., 2012).
Furthermore less active BZR1 might also lead to slightly increased expression of CPD and DWF4 (He
et al., 2005; Gampala et al., 2007). CPD and DWF4 are in general involved in BR-biosynthesis so the
upregulation of their expression by less active BZR1 provides a feedback loop, as more biosynthesis
of, for instance, the brassinosteroid brassinolide (BL) leads to more BL which is perceived by BRI1 (He
et al. 2005; Gampala et al., 2007; Tang et al., 2008).This would subsequently lead to the
phosphorylation and activation of the kinase BSK1 which activates the phosphatase BSU1 (Tang et al.,
2008; Kim et al., 2010; Kim et al.,, 2010). BSU1 in turn deactivates the kinase BIN2 through
dephosphorylation which leads to less phosphorylation of BZR1 and therefore to increased levels of
active BZR1, which in turn reduce the expression of CPD and DWF4 (Li et al., 2002a; He et al., 2002;
Wang et al.,, 2002; He et al., 2005; Gampala et al. 2007; Kim et al.,, 2009). This up- and down-
regulation of CPD and DWF4 expression is independent of PIF4 and might thus, be influenced by
additional transcriptional regulators which are shown to interact with BZR1 and which reveal differential
phosphorylation in ahk1-3 in comparison to the wildtype like for example TPL and TPR proteins,
Aux/IAAs and ARFs or by transcriptional regulators whose expression is regulated by active BZR1 (Oh
et al, 2012; Causier et al.,, 2012; Oh et al., 2014). According to the phosphoproteome which also
showed the mannitol dependence of these phosphorylation events it might be possible that upon
osmotic stress or mannitol-treatment, the previously decreased BZR1 levels or activity in ahk1l knock
down mutants are upregulated which in turn leads to increased elongation growth which causes the
wildtype-like hypocotyl and root length of etiolated ahk1 knock down seedlings after growth on osmotic
stress media.

Thereby it has to be noted, that the regulation of BZR1 levels and activity does not only depend on BR
signaling but also on phyB and light signaling (Kim et al., 2014; Sun et al., 2010; Oh et al., 2012).
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Although it has been shown, that BRI1 acts epistatically to phyB, the absence of phyB as well as dark
treatment activates BR signaling which increases BZR1 activity which in turn causes hypocotyl growth
(Kim et al., 2014).

As etiolated ahkl knock down seedlings exhibit decreased hypocotyl elongation growth, AHK1 might
contribute to this pathway as positive regulator on the one hand as previously described through the
interaction of AHK1 with BAK1 and the AHK1-dependent change of phosphorylation of BRI1 at
Serll172 (Wang et al., 2008).

54 ARR4 might provide a Ilink between AHK1-dependent light-,

brassinosteroid- and abscissic acid-signaling

On the other the other hand AHK1l might be involved in this pathway by the change of the
phosphorylation status of components of the multistep phosphorelay system. It has been shown that in
the multistep phosphorelay the phosphate group is transferred from AHK1 to either AHP1 or AHP2
(Urao et al.,2000; Dortay et al., 2006). From AHP1 and AHP2 the phosphate can be transferred to
either the type-A response regulators ARR3, ARR4, ARR7 or ARR9 or to the type-B response
regulator ARR1 (Urao et al., 2000; Suzuki et al., 2001; Dortay et al. 2006; Mira-Rodado et al., 2007;
Dortay et al., 2008). In addition, the phosphate can be transferred from AHPL1 to the type-B response
regulator ARR10 or ARR14 and from AHP2 to the type-B response regulator ARR11 (Dortay et al.,
2006). The type-B response regulators might in turn regulate the expression of type-A ARRs as well as
the expression of further response genes whereas the type-A response regulators might be involved in
the regulation of the activity of additional enzymes (Sakai et al., 2001; Hwang and Sheen, 2001;
Lohrmann and Harter, 2002). For ARR4 it has already been shown that phosphorylated ARR4
(PARR4) interacts with phyB in its Pr- and Pfr-form but stabilizes phyB in the active Pfr-form in light
conditions (Sweere et al.,, 2001; Mira-Rodado et al., 2007). This might lead to increased
phosphorylation and consequently increased degradation of PIFs by the active phyB (Shen et al.,
2005; Oh et al., 2006; Al-Sady et al., 2006; Li et al., 2012; Rolauffs et al., 2012). The light-dependent
increased degradation of PIFs in turn leads to a further decrease of the activity of the light-inactivated
COP1 E3-ligase towards targeting of the activator of light-induced gene expression HY5 to degradation
(Rolauffs et al., 2012; Xu et al., 2014c; Jang et al., 2014; Lau and Deng, 2012). Hence, pARR4 might
be able to inhibit the degradation of HY5 and to promote the expression of light-responsive genes in
light conditions.

Nevertheless it has been shown that ARR4 protein levels remained below the detection limit in dark-
grown seedlings and were not induced before red light stimuli (Sweere et al., 2001). Furthermore,
ARR4 has not been detected in roots at all whereas AHK1 in contrast is mainly expressed in roots
(Sweere et al., 2001; Urao et al., 1999; Dinkel et al., 2016).

Still, a contribution of ARR4 in AHK1-dependent regulation of osmotic stress cannot be ruled out
completely as Wohlbach et al. (2008) suggested a role of ARR3, ARR4, ARR8 and ARR9 in osmotic
stress regulation. This hypothesis depends on the finding that the disruption of ARR3, ARR4, ARR5
and ARRG leads to an increased sensitivity to osmotic stress and that this phenotype can be repressed
by the additional disruption of ARR8 and ARR9 (Wohlbach et al., 2008; Salomé et al., 2006). In this
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regard it is interesting, that ARR4, which is present in light-grown seedlings, is also known to interact
with the PP2C family protein AT3G12620 (Dortay et al., 2008). Possibly, in light conditions ARR4 is
involved in the AHK1-dependent phosphorelay which leads to an altered activity of the phophatase
AT3G12620 and therefore to a whole set of differentially phosphorylated proteins upon AHK1
signaling. AT3G12620 was unfortunately not quantified in the phosphoproteome of ahk1l-3 and the
wildtype, neither after mock nor after mannitol treatment. Thereby it has be to noted, that although
AHK1 is mainly expressed in roots, at least low AHK1 expression levels could be detected in the stem
and in the leaves (Winter et al., 2007). In regard to the abundance of ARR4 in the shoot of light-grown
plants and the possibility of an ARR4 dependent transition to Ser/Thr/Tyr phosphorylation by the
regulation of a PP2C family protein, not many AHK1 receptor kinase proteins are necessary to initiate
first the phosphorelay without signal enhancement and second through ARR4 the PP2C-dependent
signal cascade which amplifies the input signal (Sweere et al. 2001; Winter et al, 2007).

A contribution of ARR4 in AHK1-dependent signaling is further confirmed by the fact, that
phosphorylated ARR4 is known to inhibit ABI5 expression (Wang et al.,, 201la). ABI5 in its
unphosphorylated form is targeted for degradation by ubiquitination and by sumoylation (Lee et al.
2010; Miura et al., 2009). The ubiquitination is conferred by an E3-ligase which comprises the in ahk1-
3 differentially phosphorylated CUL4 as scaffold protein and DWA1 as substrate recognition subunit for
ABI5 (Lee et al., 2010; Hua and Vierstra, 2011). The sumoylation of ABI5 is conferred by SIZ1 (Miura
et al., 2009). Phosphorylation of ABI5 increases its DNA binding affinity and is conveyed by the
phosphorylated and thereby active kinase BIN2 (pBIN2) and SnRK2.3 (Lynch et al., 2012; Yuan et al.,
2013; Hu and Yu, 2014). Upon this activation ABI5 is involved in seed dormancy and processes of the
early seedling development like seed osmotic adjustment and seedlings growth arrest (Carles et al.,
2002; Hirayama et al., 2007). Furthermore, phosphoryated ABI5 (pABI5) promotes, amongst others,
the expression of RD29B and RAB18 (Carles et al., 2002). Tran et al. (2007) could show that the
expression of these two genes is decreased in ahkl knock down lines in comparison to the wildtype in
unstressed plants as well as after 2.5h of dehydration stress. This indicates that the abundance of
pPABI5 is decreased in ahkl knock down lines. The abundance of pABI5 can be changed by altered
activities of phosphorylating enzymes, dephosphorylating enzymes or through degradation. The
phosphoproteome of ahk1-3 and the wildtype did not reveal a change in the phosphorylation of the
ABI45 phosphorylating enzymes SnRK2.3 (AT5G66880) or BIN2 (AT4G18710), neither after mock nor
mannitol treatment, indicating that their activity is not altered. The dephosphorylation of pABI5, seems
not to be influenced in ahkl-3 neither, as this is conveyed by FyPP1 and FyPP3, which are also
dephosphorylating PIN proteins (Dai et al., 2012; Dai et al., 2013; Yuan et al., 2013). As PIN3 and
PIN7 did not reveal differential phosphorylation in ahk1-3 in comparison to the wildtype neither after
mock nor mannitol treatment, the activity of FyPPs might be similar in ahk1-3 and the wildtype (Dai et
al.,, 2012). In fact, differential phosphorylation in ahk1-3 and the wildtype was observed for CUL4 and
DWA1 which are components of an E3-ligase (Hua and Vierstra, 2011). This indicates that the
decrease of pABI5 which causes the decreased expression of RD29B and RAB18 depends on

increased targeting for degradation of ABI5 in ahkl knock down lines.
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Beside post-translational modifications, a decrease in abundance of pABI5 could be caused by
increased inhibition of ABI5 expression might occur. This would imply increased levels of pARR4 which
inhibit ABI5 expression. ARR4 expression is shown to be upregulated either by light or by cytokinin
and ARR4 is shown to interact with and might therefore be phosphorylated by AHP1, AHP2, AHP3 and
AHPS5 (D’Agostino et al., 2000; Sweere et al., 2001; Urao et al., 2000; Dortay et al., 2006; Mira-Rodado
et al., 2007; Dortay et al., 2008). These phosphotransferproteins are known to act redundantly with
more than one histidine kinase (Dortay et al. 2006; Dortay et al., 2008). Therefore, the phosphorelay
which leads to a phosphorylation of ARR4 might be initiated by the cytokinin receptors AHK2, AHK3
and AHK4 or by CKI1 which is shown to be able to form heterodimers with AHK1 (fig. 4.13) or by
AHKS5 (Urao et al., 2000; Dortay et al., 2006; Mira-Rodado et al., 2007; Dortay et al., 2008; Pekéarova et
al., 2011; Bauer et al.,, 2013). The phosphoproteome of ahk1-3 and the wildtype Ws-2 revealed
differential phosphorylation of AHK4 after mannitol treatment at phosphorylation sites which are
located closely to the receiver domain which is important for the interaction with AHPs to convey the
phosphorelay (Dinkel et al., 2016). Probably this decrease in phosphorylation leads to altered binding
specificities of AHPs and favoured phosphorelay components. Alternatively such phosphorylations
might lead to conformational changes and therefore to an altered kinase activity. This indicates an
AHK1-dependent regulation of cytokinin signaling. This hypothesis is confirmed by the phenotype of
etiolated ahk1 knock down seedlings as they reveal shorter roots and hypocotyls. This has previously
been discussed in context with BR signaling. In addition to that it is known that the application of
exogenous cytokinin leads first to shorter hyocotyls in etiolated wildtype seedlings and later on to open
cotyledons and the development of true leaves in darkness (Chory et al., 1994). The shorter
hypocotyls and roots of etiolated ahkl knock down seedlings after growth on media without
supplements might thus be an indication for increased endogenous cytokinin levels. In this regard it
might be interesting, that the analysis of the phosphoproteome of ahk1l-3 and the wildtype after
mannitol treatment revealed more phosphorylation of CYP735A1 (AT5G3845) and less
phosphorylation of LOG7 (AT5G06300) in ahkl1l-3 which are both involved in the biosynthesis of
cytokinin and which implies that they are AHK1- and mannitol-dependent differentially regulated
(Kieber and Schaller 2014). This, in combination with the loss of the shorter hypocotyl and root
phenotype of etiolated ahkl knock down seedlings after growth on mannitol-supplemented media
indicates that etiolated ahk1 knock down seedlings may have an increased endogenous cytokinin level
which might be drastically decreased upon osmotic stress as etiolated ahkl knock down seedlings
which were grown on mannitol supplemented media to apply osmotic stress revealed wildtype-like
hypocotyl length (fig. 4.16). The assumption that osmotic stress leads to a decrease in endogenous
cytokinin levels indicates a negative effect of cytokinin to osmotic stress adaption. This fits to the
hypothesis of Tran et al. (2007) who proposed a negative effect of AHK2, AHK3 and AHK4 which are
known as cytokinin receptors on osmotic stress signaling. AHK1 might thereby act as negative
regulator of cytokinin signaling. This might be proposed due to the finding that the absence of AHK1
decreases hypocotyl and root length of etiolated seedlings (fig. 4.15) but that treatment with

exogenous cytokinin, which is known to cause decreased hypocotyl elongation (Chory et al., 1994),
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leads to a higher decrease of hypocotyl length in etiolated seedlings in the absence of AHK1 (fig.
4.19).

The absence of the AHK1-dependent negative regulation of cytokinin signaling in etiolated ahkl knock
down seedlings which might cause increased cytokinin levels might subsequently lead to an increase
in pARR4 levels which inhibit ABI5 expression and might therefore lead to decreased pABI5 levels
which might result in the previously detected decrease of RD29B and RAB18 expression (D’Agostino
et al., 2000; Carles et al., 2002; Hirayama et al., 2007; Tran et al., 2007; Wang et al., 2011a). Besides,
the differential regulation of ABI5 in ahkl knock down lines does not just provide an explanation for the
decreased expression of RD29B and RAB18 but also for the altered ABA responses of ahkl knock
down lines which have previously been described and which are linked to ABI5 signaling (Tran et al.,
2007; Wohlbach et al., 2008; Kumar et al., 2013; Xu et al., 2014a; Hu and Yu, 2014; Zhou et al., 2015).
Furthermore, ABI5 expression is not just regulated by HY5 and pARR4 but also by FHY3 (Whitelam et
al., 1993; Oyama et al., 1997; Yanovsky et al., 2000; Osterlund et al., 2000; Chen et al., 2008; Wang et
al., 2011a; Tang et al., 2013; Wang et al., 2015). FHY3 was quantified in the phosphoproteome of
ahk1-3 and the wildtype but did not reveal differential phosphorylation after mannitol treatment. In
darkness, FHY3 interacts with the Pr-form of phyA, is released upon light-induced conversion of phyA
from the Pr- to the Pfr-form and is therefore part of the phyA signaling pathway (Saijo et al., 2008). The
phyA signaling pathway seems to play a minor role in AHK1-dependent signaling as components of
the signaling pathway which lead to elongation growth were not even detected in the
phosphoproteome of ahk1-3 and the wildtype. Still it is possible, that in etiolated seedlings of ahk1-3
lower levels of the transcription factor ATAF2 confer an enhanced expression of the genes NIT2, BAS1
and SOB7, whereas NIT2 promotes auxin biosynthesis and BAS1 and SOB7 mediate the degradation
of BL (Bartling et al., 1992; Bartling et al., 1994; Neff et al. 1999; Turk et al., 2005; Delessert et al.,
2005; Huh et al. 2012; Peng et al., 2015).

5.5 AHK1-dependent differential regulation of AHAs might cause the altered

hypocotyl and root length in etiolated ahk1l knock down seedlings.

Auxin and BR mediated alterations in cell elongation are known to be conveyed through alterations in
the activity of H*-ATPases (AHAs) (Takahashi et al., 2012; Haruta et al., 2015). According to the acid
growth theory an increase of the activity of AHAs leads to an acidification of the apoplast, subsequently
to cell wall loosening and therewith to the possibility of the cell to expand (Rayle and Cleland, 1992;
Caesar et al.,, 2011a; Wolf et al.,, 2012). As shown in figure 4.36, AHA1 and AHA2 contribute to
hypocotyl and root elongation during skotomorphogenic growth. Thereby, AHAL which is expressed in
root and shoot seems to play major roles in hypocotyl elongation as the root length in etiolated ahal-6
seedlings is not altered in comparison to the wildtype Col-0 (Winter et al., 2007). Due to shorter
hypocotyls and roots in etiolated aha2-4 seedlings, AHA2 might be involved in hypocotyl as well as in
root elongation although AHA2 is mainly expressed in roots (Winter et al., 2007).

In regard to the altered length of hypocotyls and roots of etiolated ahkl knock down seedlings an
AHK1-dependent regulation of AHA activity can be assumed (fig. 4.34 and fig. 4.36). Thereby it has to

be noted, that in Col-0 the phenotype is less consistent according to figure 4.15 and 4.36 but tends to
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be opposing to Ws-2 and Nos-0. The opposite effect of the disruption of AHK1 in Ws-2 and Col-0 has
already been discussed to be connected to Ws-2 being a natural phyD loss of function mutant
(Aukerman et al., 1997). As AHK1 as well as phyD might affect auxin- and BR- but also cytokinin-
signaling the disruption of AHK1, phyD or both might lead to the opposing effect in
skotomorphogenesis of ahkl knock down mutants.

Still, AHK1 might impact AHA activity. This hypothesis is supported by the finding that AHAs reveal at
least the trend to be differentially phosphorylated in ahk1-3 in comparison to the wildtype Ws-2 upon
mock or mannitol treatment. The quantified phosphopeptides thereby identify the penultimate Thr-
residue of AHA1 and AHA2 to show alterations in phosphorylation which is proposed to be the major
switch of AHA activity (Nuhse et al., 2007; Palmgren et al., 2001). However, the phosphoproteome of
ahk1-3 and Ws-2 revealed that the phosphorylation of these residues is not just affected by the
presence or absence of AHK1 but also by mannitol-treatment. Thereby, AHA1 showed a slightly
decreased phosphorylation at the penultimate Thr948 in light-grown seedlings of ahk1-3 in comparison
to the wildtype after treatment with mock and increased phosphorylation at this residue after treatment
with mannitol indicating a general decrease of AHA1 activity in ahk1-3 but an enhanced AHA1L activity
during osmotic stress due to the absence of AHK1. This suggests a positive effect of AHK1 on AHA1
activity during normal growth but a negative effect of AHK1 on AHAL activity during osmotic stress.
AHA2 showed a slightly decreased phosphorylation at the penultimate Thr in ahk1-3 after mock
treatment like AHAL but a higher decrease of phosphorylation after mannitol treatment indicating a
generally decreased AHAZ2 activity in ahk1-3 like described for AHA1 but in contrast to AHAL a further
decrease of AHA2 activity during osmotic stress. This in turn suggests an enhanced positive effect of
AHK1 on AHA2 activity during osmotic stress. Previous studies of the phosphoproteome in Ler-0 and
Col-0 upon treatment with the pathogen-associated molecular pattern (PAMP) flg22 have so far just
shown cooperative regulation of AHA1- and AHA2-activity (NiUhse et al., 2000; Nihse et al., 2007,
Benshop et al., 2007). The opposing differential phosphorylation of AHA1 and AHA2 at the penultimate
Thr-residue in ahk1-3 after mannitol treatment indicates a non-cooperative but specific and AHK1-
dependent regulation of AHA1- and AHA2-activity during osmotic stress.

The shorter hypocotyls and roots of etiolated ahkl knock down mutants confirm the positive effect of
AHK1 on AHA activity under control conditions as the absence of AHK1 leads to a decrease in
hypocotyl and root length which indicates reduced AHA activity.

According to a higher contribution of AHA1 to hypocotyl than to root elongation, the negative effect of
AHK1 on AHA1 activity during mannitol stress would suggest an increased activity of AHA1 in the
absence of AHK1 and therefore an increased hypocotyl length of etiolated ahkl knock down seedlings
at least in comparison to control conditions. In fact, this is the case as etiolated ahkl knock down
seedlings reveal wildtype-like hypocotyl length after growth on mannitol-supplemented media (fig.
4.16). Furthermore, the contribution of AHA2 to hypocotyl and root elongation and the positive effect of
AHK1 on AHA2 activity during mannitol stress would suggest a decreased activity of AHA2 in the
absence of AHK1 during mannitol stress and therefore would imply a decreased hypocotyl and root

length of etiolated ahkl knock down seedlings. In fact, etiolated ahkl knock down seedlings reveal a
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wildtype-like hypocotyl length (fig. 4.16). This might be explained by an additive effect of increased
AHAZ1 activity and decreased AHA2 activity in the absence of AHK1 during mannitol stress.

In contrast to the expectation, etiolated ahkl knock down seedlings revealed no further decrease in
root length during mannitol stress (fig. 4.16). This difference from the expectation might be explained
by additional phosphorylation sites which are involved in the regulation of AHA activity. An additional
phosphorylation site which is known to be involved in this regulation and which was quantified in the
phosphoproteome of ahk1-3 and Ws-2 but did not show differential phosphorylation neither after mock
nor mannitol treatment is Ser899 in AHA1 as well as in AHA2 (gi:15234666) (Nuhse et al., 2007;
Benshop et al., 2007).

The inverse phosphorylation pattern of AHA1 and AHA2 at their penultimate Thr after mock and
mannitol treatment, the phosphorylation at Ser899 which does not reveal any differential
phosphorylation as well as the contribution of the other AHAs like AHA3 and AHA11 which also were
quantified in the phosphoproteome of ahk1-3 and Ws-2 might provide the explanation for the result of
the AHA activity assay. In the AHA activity assay entire 14d old seedlings of ahk1-3 and the wildtype
Ws-2 were harvested after mock or mannitol treatment for protein extraction and the determination of
the change in inorganic phosphate without discrimination between roots and shoots. This assay did not
reveal any change in the AHA activity between ahk1-3 and the wildtype neither after mock nor after
mannitol treatment (fig. 4.28). This raises the question whether AHAL1 an AHA2 contribute to different
processes in distinct signaling pathways. A first hint is given by the distinct phosphorylation of AHA1
and AHA2 at the penultimate Thr after flg22 or mannitol treatment (NUhse et al. 2007; Benshop et al.
2007). AHA1 is expressed in root and shoot whereas AHA2 is mainly expressed in roots like AHK1
(Winter et al., 2007). AHAL is known to contribute to stomatal opening in response to pathogen-attack
and blue light whereas AHA2 is involved in the root architecture at least in response to different
nitrogen supply (Liu et al., 2009; Yamauchi et al., 2016; Mtodzihska et al., 2015). This indicates a
tissue and signal specific regulation of AHAs. This might be achieved by the binding of activating or
inactivating factors which differ in response to a signal or in a tissue specific manner. Factors which
are known to combine these characteristics are 14-3-3 proteins as they are known to bind to the
phosphorylated penultimate Thr-residue of AHAs as a homo- or heterodimer and thereby enable the
association of an active H*-ATPase hexamer (Oecking and Jaspert 2009; Kanczewska et al., 2005;
Ottmann et al., 2007; Aitken 1996). The expression of the different 14-3-3 proteins is not ubiquitous
indicating that they are involved in specifying the signal transduction by activating or de-activating
phosphorylated proteins specifically by enforcing a conformational change or by prohibiting or
promoting the association with other proteins (Winter et al., 2007; Oecking and Jaspert, 2009; Aitken
1996). For this specificity the composition of the 14-3-3 dimer might be important. Therefore it has to
be noted, that the analysis of the phosphoproteome after metabolic labeling of ahk1-3 and the wildtype
Ws-2 after mock treatment revealed 14-3-3 upsilon (GRF5, AT5G16050) to show slightly decreased
phosphorylation in ahk1-3 in comparison to the wildtype at Ser2. This phosphorylation might have an
influence on the dimerization of GRF5 with other 14-3-3 proteins as this phosphorylation is located
closely to the residues 5-21 which are at least in mammalian 14-3-3 proteins known to be the site for
dimerization with other 14-3-3 proteins (Aitken 1996; Xiao et al.,, 1995; Liu et al.,, 1995). In
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consequence this might lead to a variety of differentially regulated phosphorylated proteins like AHAs
which might then cause the respective phenotype.

Ser2 in GRF5 is predicted to be a putative phosphorylation site of casein kinases 2 (CK2) which are
known to have diverse targets also comprising 14-3-3 proteins (Dinkel et al., 2016; Oecking and
Jaspert 2009; Mulekar and Huk 2014). CK2 are tetramers which are composed of two catalytic a-
chains and two regulatory $-chains whereas in plants there are for genes respectively encoding a and
B subunits (Litchfield, 2003; Salinas et al., 2006). Recent studies suggest that CK2 is involved in the
regulation of AHA activity (Lin et al., 2015; Schiele, 2016). This might occur either through direct
phosphorylation of AHAs although the known regulatory phosphorylation sites at the carboxy terminus
of AHAs are not predicted to be putative phosphorylation sites of CK2 or by the phosphorylation of
regulatory proteins like 14-3-3 proteins which influence their dimerization and activating properties
(Jahn et al., 1997; Fuglsang et al., 1999; Oecking and Jaspert, 2009; Hayashi et al., 2010; Haruta et
al., 2015; Dinkel et al., 2016).

The analysis of the phosphoproteome after metabolic labeling of ahk1-3 and the wildtype Ws-2 after
treatment with mannitol revealed the decreased phosphorylation of the CK2 catalytic a-chain CKA3
(AT2G23080) in ahk1-3 at Ser327 and Ser328 at the carboxy terminus. This AHK1-dependent
differential phosphorylation might not alter the composition of the CK2 tetramer as the carboxy
terminus of the a-subunit is not involved in tetramer formation (Litchfield, 2003). The carboxy terminus
of CKA3 is predicted to contain a 14-3-3 binding motif comprising the CKA3 amino acid residues 329-
333 with a low conservation score which nevertheless let assume that CK2 might regulate 14-3-3
dimerization whereas 14-3-3 dimers in turn might regulate the activity and specificity of CK2 (Dinkel et
al., 2016). This suggests that AHK1 has an impact on the phosphorylation and therefore on the activity
and specificity of 14-3-3 proteins as well as on CK2 which influences the regulation of several
developmental processes as well as adaptations to osmotic stress (Salinas et al. 2006; Mulekar and
Hug, 2014).

The hypothesis of an AHK1-dependent regulation of CK2 activity might be further confirmed by the
previously suggested change in HY5-levels in etiolated ahk1l knock down lines as it has been assumed
that HY5 phosphorylation which prevents HY5 from targeting to degradation by the ubiquitinating E3-
ligase and which reduces HY5 DNA-binding affinity is mediated by a light-regulated CK2 (Hardtke et
al., 2000). Furthermore, the AHK1- and mannitol-dependent differential phosphorylation of Thr883 in
AHKA4 (gi:30677959) might also be mediated by a CK2 as well as it has been revealed as putative CK2
phosphorylation site (Dinkel et al. 2016). This indicates that an AHK1-dependent change in CK2

activity might cause the difference in cytokinin response of etiolated ahk1 knock down seedlings.

5.6 PIPs do not show AHK1-dependent regulation

The putative AHK1-dependent contribution of 14-3-3 proteins to the regulation of developmental
processes and adaption to osmotic stress might be further confirmed by the finding, that the analysis of
the phosphoproteome of ahk1-3 and the wildtype Ws-2 revealed alterations in the phosphorylation of
several plasma membrane intrinsic proteins (PIPs) which belong to the gene family of aquaporins. The
quantified phosphopeptides revealed alterations in the phosphorylation of Ser-residues at the carboxy

terminus of the PIPs which are known to be involved in the regulation of PIP activity as the
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phosphorylation of these residues favors the open pore conformation (Maurel et al., 2015; Sj6vall-
Larsen et al., 2006; Wu et al., 2013). In mammals it has been shown, that 14-3-3 proteins bind to the
phosphorylated carboxy terminus of PIPs in order to regulate their activity whereas it has to be noted
that in plantal PIPs the binding of 14-3-3 dimers is predicted not at the PIPs carboxy terminus but at
their respective loop B (Dinkel et al. 2016; Moeller et al., 2016).

In addition to the regulation of PIP activity by 14-3-3 proteins it has been shown, that the
phosphorylation of Ser280 and Ser283 in the carboxy terminus of PIP2A (AT3G53420) which is
necessary for 14-3-3 hinding might depend on the activity of Ca?*-dependent kinases and SIRK1
(Sjovall-Larsen et al., 2006; Wu et al., 2013; Moeller et al., 2016; Yaneff et al., 2016; Wilson et al.,
2016). The analysis of the phosphoproteome of ahk1-3 and Ws-2 revealed after mock as well as after
mannitol treatment differential phosphorylation of several Ca2*-dependent kinases as well as of SIRK1
(AT5G10020). This indicates that the AHK1-dependent differential phosphorylation of Ca2*-dependent
kinases and SIRK1 might lead to the altered phosphorylation of PIPs and therefore to a change in 14-
3-3 binding and PIP activity (Wu et al. 2013; Maurel et al., 2015; Wilson et al., 2016).

However, even though the phosphoproteome of ahk1-3 and the wildtype Ws-2 revealed differential
phosphorylation of the PIPs at suggested regulatory phosphorylation sites, protoplasts of hypocotyls
and roots of light-grown ahkl knock down seedlings did not show any difference in the water flux
density how it was described for sirkl mutants when exposed to hypo-osmolar medium (Wu et al.,
2013). This indicates that there are no AHK1-dependent alterations in the water transport and
therefore no change in the PIP activity. This discrepancy between the similar PIP activity and the
altered phosphorylation might be explained by the inverse phosphorylation pattern of the PIPs how it
was previously observed and described for AHAL1 and AHA2. This means that the AHK1-dependent
phosphorylation of PIPs which favors the open pore conformation and therefore leads to increased
activity of PIPs might countervail the decreased activity of other PIPs which results in the determination

of water flux densities which does not show any AHK1-dependent alteration (Maurel et al., 2015).

5.7 AHK1 might not be a mechano-sensitive osmosensor

Conclusively, AHK1 impacts BR and cytokinin signaling as well as auxin, ABA and other hormone
responses. In addition, AHK1 might work as positive regulator in osmotic stress. Although Kumar et al.
(2013) suggested that AHK1 may not be the main osmosensor in plants this cannot be ruled out. Still,
the signal perception might not occur in a mechano-sensitive manner how it was previously proposed
(Urao et al., 1999; Tran et al., 2007; Wohlbach et al., 2008). This is suggested by the homology model
of the structure of the extracellular domain of AHK1 (fig. 4.4) which is most likely the site of signal
perception but which is assumed to be stiff and therefore not susceptible for mechanical stimuli.
Instead of the perception of a mechanical stimulus like a change in the turgor pressure a ligand is
suggested to serve as signal for the induction of AHK1 activity which is due to the identification of a
putative PAS domain in the extracellular domain of AHK1 (fig. 4.4). PAS domains are highly divergent
at the primary sequence level but reveal a conserved three-dimensional architecture (Henry and
Crosson, 2011). The prediction of this PAS-domain therefore suggests the binding of a small-molecule
metabolite to AHK1 as this is a hallmark of the PAS-domain family (Henry and Crosson, 2011). Small-

molecule metabolites which are already identified to bind to PAS-domains are for instance divalent
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metal ions like Mg?* as well as Ca?*, fatty acids and C4- and C6 carboxylate-containing substrates as
well as heme, flavin or 4-hydroxycinnamic acid which are shown to be involved in sensing of light,
oxygen and the redox-state of the cell (Henry and Crosson, 2011). It remains to be elucidated, which
ligand binds to AHK1 and which signal is perceived.

Osmotic stress can be induced by several different factors like for instance altered water availability,
flooding and therefore altered oxygen availability, dissolved ion content, abundance of other
osmoatically active substances, atmospheric humidity, temperature, wind speed as well as solar
irradiance (Stephan et al., 2016). This leads to the requirement of the ability of the plant to integrate
several information of the nature of osmotic stress which necessitates the adjustment of different
hormonal pathways (Suzuki et al., 2016). In case AHK1 acts as an osmosensor, this might explain the
diversity of pathways which are AHK1-dependently influenced upon mannitol treatment as well as the
variety of different and sometimes inconsistent phenotypes of ahkl knock down lines when factors like
temperature or the relative position to the light source varied.

According to this, it is not surprising that many proteins which are involved in calcium signaling reveal
differential phosphorylation in ahk1-3 in comparison to the wildtype after mock as well as after mannitol
treatment. Calcium is known to act as second messenger in several developmental as well as in stress
responsive processes which also includes the regulation of abscissic acid signaling (Dodd et al., 2010;
Guo et al.,, 2002). Furthermore, previous studies revealed that osmotic stress induces a rise in
intracellular Ca2* within seconds after stress application (Stephan et al., 2016; Knight et al., 1997,
Shimomura et al., 1962). This might occur through AHK1-dependent differential phosphorylation of
Ca*-transporters. In this regard it has been shown that rapid hyperosmotic-induced Ca?*-responses
involve plastidial KEA transporters indicating that KEA1, KEA2 and KEA3 contribute to the rapid
intracellular increase in Ca?*-levels upon osmotic stress (Stephan et al., 2016). Thereby keal-2 kea2-2
and kea3-1 showed altered hyperosmotic-induced Ca?*-responses whereas this could not be shown
for the quintuple mutant of the plasma-membrane localized putative mechano-sensitive channels of the
MscS-like family msl4,5,6,9,10 indicating a not mechanical induced increase of intracellular Ca2*-levels
(Stephan et al., 2016; Wilson et al., 2013). The phosphoproteome of ahkl1l-3 and the wildtype Ws-2
showed that KEA2 (AT400630) actually comprises two phosphorylation sites but due to exclusive
quantification of KEA2 in ahkl1-3 after mannitol treatment and in Ws-2 after mock treatment no
conclusions could be drawn in regard to AHK1-dependent differential phosphorylation.

Nevertheless, an AHK1-dependent hyperosmotic-induced rise of intracellular Ca?*-levels cannot be
excluded. For that it would have been of tremendous interest to express the calcium sensor R-GECO1
in ahkl knock down mutants to investigate whether the Ca?*-influx as well as its oscillation signature
which is described to be changed upon osmotic stress is altered by the disruption of AHK1 (Keinath et
al., 2015; Zhao et al., 2011; Tewson et al., 2012; Monshausen et al., 2009). Unfortunately the
transformation of ahk1-3 and ahk1-4 with A. thumefaciens carrying a construct encoding R-GECO1 did
not work and has to be repeated. Instead, crossings of Col-0 plants expressing the calcium sensors R-
GECOL1 and Yellow Cameleon 3.6 with ahk1-5 and ahk1-6 have been executed and Fl-seeds have
already been obtained (Behera et al., 2013; Keinath et al. 2015; Zhao et al., 2011). Still, these plant

lines have to be progenated until first experiments can be performed but might then gain insight
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whether the Ca?*-signature upon osmotic stress is altered in ahkl knock down lines. If this is the case,
this might indicate an AHK1-dependent regulation of CaZ*-signaling which might in turn cause altered
Ca?*-dependent responses. This would include Ca?*-dependent kinases, phosphatases and other
proteins whose binding capabilities are altered by calcium (Dodd et al., 2010). The phosphoproteome
of ahk1-3 and the wildtype suggests that this might be the case as for instance the Na*/H*-antiporter
SOS1 (AT2G01980) revealed more phosphorylation in ahk1-3 after mock treatment but wildtype-like
phosphorylation after mannitol treatment. SOS1 has been shown to mediate salt stress adaption and
to be regulated by the calcium sensing calcineurin B-like (CBL) protein SOS3 (AT5G24270) and the
CBL-interacting protein kinase (CIPK) SOS2 (AT5G35410) (Dodd et al., 2010; Gobert et al., 2006; Liu
et al., 1997; Liu et al., 2000). This indicates that SOS1 is differentially regulated in the absence of
AHK1 which might lead to an altered oscillation of membrane potential and a change in cytosolic pH as
SOS1 extrudes Na* but contemporaneously imports H* and thereby causes acidification of the cytosol
(Dodd et al., 2010; Gobert et al., 2006; Liu et al., 1997; Liu et al., 2000). Cytosolic acidification in turn is
for instance known to inactivate PIPs through protonation of a conserved His-residue in their
cytoplasmic loop D which subsequently leads to a conformational change which stabilizes PIPs in their
closed pore conformation (Térnroth-Horsefield et al., 2006; Frick et al., 2013; Maurel et al., 2015). To
overcome this effect, in ahkl knock down mutants the activity of CPKs and SIRK1 might be influenced
as they have been shown to activate PIPs through phosphorylation (Sjovall-Larsen et al., 2006; Wu et
al., 2013; Maurel et al., 2015). This might lead to a change in the maintenance of turgor pressure in
ahkl knock down lines. An involvement of AHK1 in this process can be assumed due to recent
findings which reveal weaknesses of ahkl knock down lines to adjust turgor pressure after drought
stress (Gerhard Obermeyer, unpublished, data not shown). This reveals the importance of AHK1 in

integrating diverse signals to a proper adaption of the plant to different stresses.

5.8 AHK1 contributes to plant immunity through interaction with BAK1

Still, one main pathway of AHK1 signaling might comprise the interaction of AHK1 with BAK1 which
might influence the BAK1-dependent transphosphorylation pattern of other receptor kinases (Wang et
al., 2008; Wang et al., 2014a). That the phosphorylation state of BAK1-interacting kinases is changed
in an AHK1-dependent manner has already been revealed by the analysis of the phosphoproteome of
ahk1-3 and the wildtype Ws-2 after mock and after mannitol treatment. In addition to the differential
phosphorylation of BRI1, also the BAK1-interacting receptor like kinase BIR1 (fig. 5.1) and several
other kinases of the LRR protein kinase family revealed AHK1-dependent differential phosphorylation
including the PAMP-induced receptor FLS2 (fig. 5.1; appendix A33, A34, A35). The genotype Ws-0
has been shown to carry a non-functional FLS2 allele, whereas this has so far not been revealed in
Ws-2 (Vetter et al., 2012; Zipfel et al., 2004). A physiological connection between AHK1, BAK1 and the
response to pathogen attack could be revealed in a pathogen assay with Alternaria brassicicola (fig.
4.37). Like in several other phenotyping experiments opposing phenotypes of ahkl knock down
mutants could be observed due to different replicates. Nevertheless, the double mutants bril-5 ahk1-3
and bakl-1 ahk1-3 revealed a tendency to react differently to pathogen attack than the respective
single mutants. This effect has to be investigated more detailed under better defined growth conditions

as it was observed that the result of the pathogen assay is highly influenced by atmospheric humidity.
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This is due to a more sensitive reaction of the Ws-2 ecotype in comparison to Col-0 to atmospheric
humidity which has not been described in previous studies but observed without any quantitation or
precise documentation in the experiments of this study. For example it has been observed that growth
on plates which in general comprises a higher atmospheric humidity led to the induction of flowering of
Ws-2 two to three weeks after germination. In addition it was observed that high atmospheric humidity
leads to curling or the turn of the upside down of the leaves of Ws-2 (data not shown). High
atmospheric humidity in the pathogen assay is needed to open the stomata before the plants can be
infected with spores of Alternaria brassicicola. For that reason the atmospheric humidity is upregulated
by watering and the covering of the tray in which the plants are grown with a hood. Therefore the
opposing phenotypes of ahkl knock down mutants in the different replicates of the pathogen assays
might depend on not defined atmospheric humidity. As recent findings of Gerhard Obermeyer indicate
weaknesses of ahkl to re-adjust turgor pressure after osmotic stress (data not shown), the exact
atmospheric humidity and the thereby applied osmotic stress might highly influence the experimental
result. According to that, this indicates that the BAK1-dependent reaction of the plant to pathogen
attack is influenced by AHK1 and that the integration of the response to pathogen attack and to
osmotic stress occurs in a BAK1-dependent manner.

The direct interaction of BAK1 with AHAs and the ion channel CNGC17, its influence on several
signaling pathways and the possibility that BAK1 integrates these signals through mediating signal
specific transphosphorylation patterns in association with its interaction partners suggests a
supercomplex of BAK1, AHAs and ion channels like CNGC17 as core complex which adjusts ion
homeostasis and membrane potential and which is accessed and differentially regulated by various
receptor kinases (Dodd et al., 2010; Caesar et al., 2011a; Wolf et al., 2012; Wang et al., 2014a;
Ladwig et al., 2015).

The finding of differential phosphorylation in ahk1-3 in comparison to the wildtype of LRR protein
kinase family proteins, CNGC7 (AT1G155900) and other plasma membrane localized ion channels,
AHAs as well as differential phosphorylation even of wall-associated kinases (WAK4=AT1G21210;
WAK5=AT1G21230), which are transmembrane proteins with a cytoplasmic Ser/Thr kinase domain,
which can be covalently linked to pectin in the cell wall, which are assumed to be receptors for
promoting the cell-wall integrity pathway and which are known to be connected to BAK1 signaling
through the revealed interaction of BAK1 with RLP44 (AT3G49750) which in turn interacts with WAK1
(AT1G21250), as well as the respective phenotypes further confirm the existence of such a
supercomplex (Verica and He, 2002; Wolf et al., 2012). The signal and tissue specific activity and
composition of this supercomplex might be very interesting in regard to the integration of different
signals and the specificity of plant response. The contribution of AHK1 in the signaling pathway of this
supercomplex especially in regard to osmotic stress regulation might be furthermore interesting for the
basic understanding of the plant’'s adaptation processes and later on for the development of plants

which are more resistant to osmotic stress.
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DiscussION

5.9 AHK1 might be an osmosensor and therefore impacts many hormonal
signaling pathways
Conclusively, it remains to be elucidated which signal is perceived by AHK1. Still, the signal might be
osmotic stress itself or a signal which is released upon osmotic stress and which has not yet been
identified. Osmotic stress can occur in different forms which require fine-tuning and adaptation of all
developmental processes. The phosphoproteome of ahk1-3 and the wildtype Ws-2 in combination with
further phenotyping studies revealed the cross-talk of AHK1-dependent signaling with several
hormonal pathways like the brassinosteroid, cytokinin, auxin and abscissic acid signaling pathway.
Thus, AHK1 might also influence the other hormonal pathways. This might work through the already
known cross-talk of signaling pathways as well as through AHK1-dependent alterations in
phophorylation patterns (Nemhauser et al.,, 2006). For instance the PP2C family protein AP2C1
(AT2G30020) which revealed increased phosphorylation in ahk1-3 after mannitol treatment is known to
modulate innate immunity, jasmonic acid and ethylene levels (Schweighofer et al., 2007). Ethylene
signaling might be directly regulated by AHK1-dependent phosphorylation of the ethylene receptor
EIN4 (AT3G04580) (table 4.1; Hua et al, 1998). Furthermore, the receptor-like protein kinase
FERONIA (FER, AT3G51550) showed decreased phosphorylation in ahk1-3 in comparison to the
wildtype after mock treatment and no differential phosphorylation after mannitol treatment (appendix
A35). FER is known to act as receptor kinase for the peptide hormone called rapid alkalinization factor
(RALF) and to control the production of high levels of reactive oxygen species and RALF-induced
calcium spikes which are involved in root growth inhibition (Chen et al.,, 2016a; Duan et al., 2014;
Haruta et al., 2014; Yu et al., 2014). In addition it is known that FER phosphorylation is inhibited by
interaction with the PP2C phosphatase ABI2 which mediates cross-talk between RALF and abscissic
acid and changes the expression levels of RD29B, RAB18 as well as ABI5 (Chen et al., 2016a).
Furthermore, increased levels of gibberellic acid in darkness lead to the release of BZR1 and PIF
proteins from DELLA proteins which enables BZR1 and PIFs to form active heterodimers to regulate
genes which are involved in hypocotyl growth (Bae and Choi, 2008; Feng et al., 2008; de Lucas et al.,
2008; Bai et al., 2012b; Jaillais and Vert, 2012). This indicates that gibberellic acid might be involved in
AHK1-dependent BZR1 regulation as well. Several proteins of these pathways were quantified and
found to be differentially phosphorylated in ahk1-3 in comparison to the wildtype Ws-2. How the AHK1-
dependent signaling pathway upon osmotic stress takes place, how it influences all these hormonal
signaling pathways and whether it occurs through interaction with BAK1, AHPs or both remains to be

elucidated and verified.
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8 APPENDIX

APPENDIX

Al: Vectors which have been provided for the Ph.D. thesis

Entry vectors and vectors for further cloning

vector name (source)
PENTR/D-Topo (invitrogen)
pDONR207 (invitrogen)
PENTR/D-Topo-AHK3 (Jakub Horak)
pDONR207-AHKA4 (Julia Teply)

E.coli expression vectors

vector name (source)
pMH-HSsumo_AHK4 (Michael Hothorn)

selection
Kan
Gent
Kan
Gent

selection
Kan

purpose
Gateway™-cloning
Gateway™-cloning
Gateway™-cloning
Gateway™-cloning

purpose
E. coli expression vector

Vectors for protein interaction studies with Saccharomyces cerevisiae

vector name (source)

pMetYC-Dest (Christopher Grefen)
pMetYC-AHK1 (Christopher Grefen)
pMetYC-AHK2 (Christopher Grefen)
pMetYC-AHK4 (Christopher Grefen)
pMetYC-CKI1 (Christopher Grefen)
pMetYC-BAK1 (Peter Huppenberger)
pMetYC-BRI1 (Christopher Grefen)
pMetYC-AHAL (Friederike Wanke)

pXNubA22-Dest (Christopher Grefen)
pXNubA22-AHK1 (Christopher Grefen)
pXNubA22-ETR1 (Christopher Grefen)
pXNubA22-AHKS5_fl (Michael Heunemann)
pXNubA22-AHK5 C8 (Michael Heunemann)
pXNubA22-CKI1 (Christopher Grefen)
pXNubA22-BAK1 (Peter Huppenberger)
pXNubA22-BRI1 (Peter Huppenberger)
pXNubA22-AHAL (Friederike Wanke)
pXNubA22-AHA2 (Friederike Wanke)
pXNubA22-RLP44 (Friederike Wanke)
pXNubA22-CNGC17 (Friederike Wanke)
pX32-Dest (Christopher Grefen)
pNubWtXgate (Christopher Grefen)

pGBKT7-Dest (Achim Hahn)
pGADT7-Dest (Achim Hahn)

pGADT7-MPK2 (Achim Hahn)
pGADT7-MPK3 (Achim Hahn)

selection

(E coli / yeast)
Amp, Cm / Leu
Amp / Leu
Amp / Leu
Amp / Leu
Amp / Leu
Amp / Leu
Amp / Leu
Amp / Leu

Amp, Cm/ Trp
Amp / Trp
Amp / Trp
Amp / Trp
Amp / Trp
Amp / Trp
Amp / Trp
Amp / Trp
Amp / Trp
Amp / Trp
Amp / Trp
Amp / Trp
Amp, Cm / Trp
Amp, Cm / Trp

Kan, Cm / Trp
Amp, Cm/ Leu

Amp / Leu
Amp / Leu

purpose
Cub-fusion, Gateway™-cloning
mbSUS, AHK1-Cub

mbSUS, AHK2-Cub

mbSUS, AHK4-Cub

mbSUS, CKI1-Cub

mbSUS, BAK1-Cub
mbSUS,BRI1-Cub

mbSUS, AHA1-Cub

Nub-fusion, Gateway™-cloning
mbSUS, AHK1-Nub
mbSUS,ETR1-Nub
mbSUS, AHK1_fl-Nub
mbSUS, AHK1 C8-Nub
mbSUS, CKI1-Nub
mbSUS, BAK1-Nub
mbSUS, BRI1-Nub
mbSUS, AHA1-Nub
mbSUS, AHA2-Nub
mbSUS, RLP44-Nub
mbSUS, CNGC17-Nub
mbSUS, NubG

mbSUS, NubwT

BD-fusion, Gateway™-cloning
AD-fusion, Gateway™-cloning

Y2H, AD-MPK2
Y2H, AD-MPK3
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vector name (source)
pGADT7-MPK4 (Achim Hahn)
pGADT7-MPK5 (Achim Hahn)
pGADT7-MPK®6 (Achim Hahn)
pGADT7-MPK7 (Achim Hahn)
pGADT7-MPK11 (Achim Hahn)
pGADT7-MPK17 (Achim Hahn)

Binary plant vectors

vector name (source)

pB7-AHK1pro-mCherryNLS (Katharina
Caesar)

pH7FWG2-AHK1 (Jakub Horak)

pABind-AHK1-GFP

pB7RWG2-CKI1

pBT8-ARR5::LUCmM3 (Niklas Wallmeroth)

pB7-RD29Bpro-LUCM-3XHA (Manikandan
Veerabagu)

pFRK::LUC nos ¢ (Markus Albert)

pUBN-RFP-MBD (Sabine Muiller)

pUB-GFP-ABD2-GFP (Sabine Miiller)

pGPTVII-Bar-U-RGECO1 (Karin
Schuhmacher)

CD3-959 er-rk (Andreas Nebenflhr)
CD3-967 g-rk (Andreas Nebenfihr)
CD3-975 vac-rk (Andreas Nebenfuhr)
CD3-983 px-rk (Andreas Nebenfihr)
CD3-991 mt-rk (Andreas Nebenfihr)
CD3-999 pt-rk (Andreas Nebenfihr)
CD3-1007 pm-rk (Andreas Nebenflhr)

pABind-ARA6-mCherry (Stephanie Hahn,
Peter Pimpl)

pABind-ARA7-mCherry (Stephanie Hahn,
Peter Pimpl)

pABind-PEP12-mCherry (Stephanie Hahn,
Peter Pimpl)

pABind-RabA5d-mCherry (Stephanie
Hahn,Peter Pimpl)

pABind-RabAle-mCherry (Stephanie

Peter Pimpl)

pABind-RabD2a-mCherry (Stephanie

Peter Pimpl)

pABInd-VTI12-mCherry (Stephanie Hahn,
Peter Pimpl)

pABInd-GOT1-mCherry (Stephanie Hahn,
Peter Pimpl)

Hahn,

Hahn,
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selection

(E coli / yeast)

Amp / Leu
Amp/ Leu
Amp/ Leu
Amp/ Leu
Amp/ Leu
Amp/ Leu

selection

E. coli / plants)

Spec / Basta

Spec / Hyg
Spec / Hyg
Spec / Basta
Amp

Spec / Basta
Amp
Spec / Basta

Spec / Basta
Kan / Basta

Kan / Kan
Kan / Kan
Kan / Kan
Kan / Kan
Kan / Kan
Kan / Kan
Kan / Kan
Spec / Hyg
Spec / Hyg
Spec / Hyg
Spec / Hyg
Spec / Hyg
Spec / Hyg

Spec / Hyg

Spec / Hyg

purpose
Y2H, AD-MPK4
Y2H, AD-MPK5
Y2H, AD-MPK6
Y2H, AD-MPK7
Y2H, AD-MPK11
Y2H, AD-MPK17

purpose
test AHK1 promoter

35S::AHK1-GFP
lexA4635S::AHK1-GFP
35S::CKI1-RFP
ARRS5::LUCS

RD29B::.LUC
pFRK1::LUC
pUBQ::RFP-MBD
pUBQ::GFP-ABD2-GFP
pUBQ10::R-GECO1

marker ER

marker golgi

marker vacuole

marker peroxisomes
marker mitochondria
marker plastids

marker plasma membrane

marker late endosome,
prevacuolar compartment

marker late endosome,
prevacuolar compartment

marker post-golgi
compartment

marker recycling endosome

marker recycling endosome
marker endosome, golgi-
system

marker TGN, early endosome

marker golgi
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A2: Vectors which have been generated during the Ph.D. thesis

Entry vectors and vectors for further cloning

vector name
pUC57-AHK1-ED (GenScript)
pUC57-AHK1-ED-Leu298Ala

pUC57-AHK1-ED-Leu422Ala
pUC57-AHK1-ED-Leu298/422Ala

PENTR/D-Topo-MKKK20+stop
PENTR/D-Topo-MKKK20-stop
PENTR/D-Topo-AT1G80350+stop
PENTR/D-Topo-AT1G80350-stop
PENTR/D-Topo-AT1G72250+stop
PENTR/D-Topo-AT1G72250-stop
PENTR/D-Topo-AT1G14390-stop
PENTR/D-Topo-AT1G04780+stop
PENTR/D-Topo-AT5G20470+stop
pPENTR/D-Topo-AHK1-ICP
pPENTR/D-Topo-AHK1-ED
PENTR/D-Topo-IAA16+stop
PENTR/D-Topo-IAA16-stop
PENTR/D-Topo-IAA16-stop-S150A
PENTR/D-Topo-lIAA16-stop-S150E
PENTR/D-Topo-WAK4+stop
PENTR/D-Topo-WAK4-stop
pPENTR/D-Topo-BIR1
pDONR207-BRI1
pDONR207-BRI1-S1172A
pDONR207-BRI1-S1172E

E.coli expression vectors

vector name (producer)
pMH-HSsumo-AHK1-ED
pMH-HSsumo-AHK1-ED-
Leu298/422Ala

selection
Amp
Amp

Amp
Amp

Kan
Kan
Kan
Kan
Kan
Kan
Kan
Kan
Kan
Kan
Kan
Kan
Kan
Kan
Kan
Kan
Kan
Kan
Gent
Gent
Gent

selection
Amp
Amp

purpose
codon-optimized (c.0.) AHK1-ED

c.0. AHK1-ED with Leu298 mutated to

Ala

c.0. AHK1-ED with Leu422 mutated to

Ala

c.0. AHK1-ED with Leu298 and Leu422

mutated to Ala

Gateway™-cloning
Gateway™-cloning
Gateway™-cloning
Gateway™-cloning
Gateway™-cloning
Gateway™-cloning
Gateway™-cloning
Gateway™-cloning
Gateway™-cloning
Gateway™-cloning
Gateway™-cloning
Gateway™-cloning
Gateway™-cloning
Gateway™-cloning
Gateway™-cloning
Gateway™-cloning
Gateway™-cloning
Gateway™-cloning
Gateway™-cloning
Gateway™-cloning
Gateway™-cloning

purpose

E. coli expression vector for AHK1-ED

E. coli expression vector for mutated
AHK1-ED

Vectors for protein interaction studies with Saccharomyces cerevisiae

vector name (producer)
pMetYC-MKKK20
pMetYC-AT1G80350
pMetYC-AT1G72250
pMetYC-AT1G14390
pMetYC-IAAL6
pMetYC-BIR1
pMetYC-WAK4

pXNubA22-AHK3

selection

(E. coli / yeast)

Amp / Leu
Amp / Leu
Amp/ Leu
Amp/ Leu
Amp/ Leu
Amp/ Leu
Amp / Leu

Amp / Trp

purpose
mbSUS, MKKK20-Cub
mbSUS, AT1G80350-Cub
mbSUS, AT1G72250-Cub
mbSUS, AT1G14390-Cub
mbSUS, IAA16-Cub
mbSUS, BIR1-Cub
mbSUS, WAK4-Cub

mbSUS, AHK3-Nub
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vector name (producer)
pXNubA22-AHK4
pXNubA22-MKKK20
pXNubA22-AT1G80350
pXNubA22-AT1G72250
pXNubA22-AT1G14390
pXNubA22-I1AA16
pXNubA22-BIR1
pXNubA22-WAK4

pGBKT7-AHK1-ICP
pGBKT7-AHK1-ED
pGBKT7-1AA16
pGBKT7-WAK4

pGADT7-AHK1-ICP
pGADT7-AHK1-ED
pGADT7-AT1G04780
pGADT7-AT1G80350
pGADT7-AT1G72250
pGADT7-AT5G20470
pGADT7/-IAA16
pGADT7-WAK4
pGADT7-MKKK20

Binary plant vectors

vector name (producer)
pB7WGR2-1AA16
pH7WGF2-I1AA16
pB7WGR2-1AA16-S150A
pB7WGR2-1AA16-S150E
pB7RWG2-BRI1

pH7FWG2-BRI1 Spec / Hyg
pB7RWG2-BIR1 Spec / Basta
pH7FWG2-BIR1 Spec / Hyg
A3: Vector maps
Entry-vectors
pUC origin P~ M1
w mB T1
\ M13-Fwd
& attL1 Pc promoter
pENTR-D-Topc  ghs

2580 bp

R £
\ &
[V V4
N

Kan(R) Kan(R)

148

&7TOPO recognition site 1
T‘tOPO recognition site 2
a

M13-Rev

selection
(E. coli / yeast)
Amp / Trp
Amp / Trp
Amp / Trp
Amp / Trp
Amp / Trp
Amp / Trp
Amp / Trp
Amp /[ Trp

Kan /Trp
Kan /Trp
Kan/Trp
Kan/Trp

Amp / Leu
Amp / Leu
Amp / Leu
Amp / Leu
Amp / Leu
Amp / Leu
Amp / Leu
Amp / Leu
Amp / Leu

selection

(E. coli / plants)
Spec / Basta
Spec / Hyg
Spec / Basta
Spec / Basta
Spec / Basta

T7 Promotor/priming site

purpose
mbSUS, AHK4-Nub
mbSUS, MKKK20-Nub
mbSUS, AT1G80350-Nub
mbSUS, AT1G72250-Nub
mbSUS, AT1G14390-Nub
mbSUS, IAA16-Nub
mbSUS, BIR1-Nub
mbSUS, WAK4-Nub

Y2H, BD-AHK1-ICP
Y2H, BD-AHK1-ED
Y2H, BD-IAA16
Y2H, BD-WAK4

Y2H, AD-AHK1-ICP
Y2H, AD-AHK1-ED
Y2H, AD-AT1G04780
Y2H, AD-AT1G80350
Y2H, AD-AT1G72250
Y2H, AD-AT5G20470
Y2H, AD-IAA16

Y2H, AD-WAK4

Y2H, AD-MKKK20

purpose
35S::RFP-1AA16
35S::GFP-1AAL16
35S::RFP-IAA16-S150A
35S::RFP-IAA16-S150E
35S::BRI-RFP
35S::BRI1-GFP
35S::BIR1-RFP
35S::BIR1-GFP

rnB T2 transcription terminator
rmnB T1 transcription terminator
pDOg$T207 forward primer
att

ey > &
=

_ccdB

W 655 pPDONR207

\ 5585 bp
GmR) /Cm(R)

S

attP2
pDONRT207 reverse primer
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Destination-vectors for mating-based split-ubiquitin assays

met25 ADH
RD-1006-GW-clone-seq-S1 RD-1203-GW-clone-seq-S1

pUC, | *REmr f1\ORI | | AaRd

ccdB

AmpR 55" atRY TRP1 ¢
7, ' /Cub /4 \
/ /RD-1006-GW-clone-seq-A1 1l »\ ccdB
[ #1006 pMetYC- — ProteinA [¥ #1204 pXNubA22- |
( DEST * a DEST
\'\ 10186 bp ® 8516 bp attR2
LEUZ/\XJ LexA AN 7/ \3HA
- / VP16 P /4

PUC\ORI

TRP1 / Gal4-BD
/ c-myc
< JattR1
/ \
/ \ CmR
{"/3 #1353 pGBKT7- H:V
[ H DEST \
Y 9017 by n 9230 bp i |
2y \ P 4/ pUC | D,HCmR
\N ﬁcch \U 0/
\ /  attR2 "4
puc

#1082 pH7FWG2,

0
12267 bp p35S
; / RB
\\_//’
RB RB

Ubiquitin 10 promoter
attR1

/" Chloramphenicol Res.
p s L/ ‘GW-cassette .
/ < ccdB d
/  attR2 / Hyg\res
/ #1757 pUBQ10- m-GFPS5

\ 1555

P g
57~ lexA\-46\35S\promoter
g 7/ 135S minimal

- / A attR1
W \ ¢ chloramphenicol\resistance
SpecR /- \Kanamycin Res. specires” \ ng’B

LB Mmannopine promoter

pUC57 with codon-optimized AHK1-ED and vector with codon-optimized AHK1-ED for expression of
AHK1-ED in Escherichia coli

T7 terminator

his tag ]
LacZ alpha AHK1-ED \ ]

f1 origin
M13-fwd ATG fiir die sensordomane '

\

Strep-ISUMO | '~
SMT3 SUMO family protein i\ 4 A
AmpR is-ta "‘ / \:
transcripti Atln )" \
#3489 pUC57- nscription start | 7§ 43506 pMH_HSsumo_" |
AHK1-ED T2 Prossorons AHKT-ED |
3773 bp AHK1-ED \ 6655 bp |

>
/ pBR322 origin

ColE1 origin M13-rev

LacO

149



APPENDIX

Vectors which were provided by partners of cooperations

a
TOPO recognition site 1
sGFP(S65T)

attL1
I TOPO recognition site 1
MBD

attR1 atg MBDTOPO it ite 2
recognition site
ﬁuamo AtFrm1 (ABD2) atd 2 9
| attR2
ﬁ sGFP (S65T) L7
TO O recognition site 2 )
. \ auRz ) W
#3298 pUB-GFP- % 7,,T35S #3206 pUBN- |
ABD2GFP W A RFP.MBD 3%
11658 bp 1 § ‘ 11086 bp ¥ e
pvs1— ¥/~ y
[/ BarR z /[
X c/‘f} e S°
Nl < pVS1 Nk, =
pBR322 Smi pBR322
NOS-Terminator misc
|
e
LuC. _ s N
T-DNA right border ./ % kanR
: _AmpR HSP18.2 TerM _ v
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A4: Oligonucleotides for

insertion lines

genotype
ahk1-1

ahk1-3

ahk1-4

ahk1-5

ahk1-6

bak1-1

bak1-3

bak1-4
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purpose
T-DNA
gene-specific Fwd
gene-specific Rev
T-DNA
gene-specific Fwd
gene-specific Rev
T-DNA
gene-specific Fwd
gene-specific Rev
T-DNA
gene-specific Fwd
gene-specific Rev
T-DNA
gene-specific Fwd
gene-specific Rev
T-DNA
gene-specific Fwd
gene-specific Rev
T-DNA
gene-specific Fwd
gene-specific Rev
T-DNA
gene-specific Fwd
gene-specific Rev

R-GECO1—|
kY

PUBQ10 - delSac -~ ®

7

/
,LH

/ RK2TrfA

'4 /
Nos promoter i !F
taR T-DNA left border

misc

genotyping of Arabidopsis

DNA-sequence
TCCGTTCCGTTTTCGTTTTTTAC
TCTGGTATATTCTGTGATTACTCTACAG
AAACTTTAGTAGACAAATCAGAAACCCA
CATTTTATAATAACGCTGCGGACATCTAC
GACCTCTCTGGTATGACTCGGTATTATA
CACATCCAGTATCATCAACCTCAAACCA
CATTTTATAATAACGCTGCGGACATCTAC
AGGAAGGTGTTCGATAAAATGACTGAATG
CAAGTTCTTCTTGAGTTGTTGGCTTGTCA
AACGTCCGCAATGTGTTATTAAGTTGTC
TATTATTACAAACATATTCCTCTCTATA
GATCCCAAATCATAAACAAAGACACATA
AACGTCCGCAATGTGTTATTAAGTTGTC
TCTGGTATATTCTGTGATTACTCTACAG
GTTAAAAGCCCTATCAAAATTGCTAACA
CATTTTATAATAACGCTGCGGACATCTAC
CTATTTGGCGACACTACTTTCTGAC
GGTGCTTCAAAGTTGGGATGC
TGGTTCACGTAGTGGGCCATCG
CTATTTGGCGACACTACTTTCTGAC
GGTGCTTCAAAGTTGGGATGC
TGGTTCACGTAGTGGGCCATCG
ACATCATCATCATTCGCGAGG
TTATTGTTTGGCCGATCTTGG

thaliana

T-DNA
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genotype purpose DNA-sequence

cngc’7 T-DNA GCGTGGACCGCTTGCTGCAACT
gene-specific Fwd CCTTATTATGGCCCATCAACATAAGA
gene-specific Rev GGATCGGCAACAAATACTTAAAGTGA

ahal-6 T-DNA TCAAACAGGATTTTICGCCTGC
gene-specific Fwd CGTCTCAACAAAAGTCTCTTTC
gene-specific Rev CGAAAGATCAACCTCGTGAG

aha2-4 T-DNA TCAAACAGGATTTTCGCCTGC
gene-specific Fwd ATGTTCATTGCAAAGGTGGT
gene-specific Rev CCCATTAGCTCGTGGTTATT

ahk2-2 T-DNA ATAACGCTGCGGACATCTAC
gene-specific Fwd GTCTATAACTTGTGAGCTCTTGAATC
gene-specific Rev GCTCGTGTCATAGACAGCAAAGGTC

ahk3-3 T-DNA TGGTTCACGTAGTGGGCCATCG
gene-specific Fwd CTTGTGATTGCGTTACTTGTTGCAC
gene-specific Rev GCAGGCCTATGGTCCACAACCACAG

A5: Oligonucleotides and restriction endonucleases (REs) for genotyping of

Arabidopsis thaliana EMS mutants

genotype DNA-sequence (Fwd / Rev) RE

bril-5 TTTCATTTCAAGCTTCACCATCTCAG / AGAGATGTTCAACAACTTIGAGCTCTG HpyCH4V
bri1-301 ATGGAAACCATTGGGAAGATCAAACA / CTTCATAAGCTCGGGGTCAAACACA Bspl143l
A6: Oligonucleotides for the detection of T-DNAs in stably transformed

Arabidopsis thaliana lines
DNA-sequence (Fwd / Rev)

insert

35S::AHK1-GFP
UBQ10::AHK1-GFP

RFP-MBD

GFP-ABD2-GFP

TATGGAAGTACAGCAAGAATGAT / TTACTTGTACAGCTCGTCCATGC
TATGGAAGTACAGCAAGAATGAT / TTTGTATAGTTCATCCATGCCATGTG

ATCTCCCTCAACTCTTGTTTCCAC / GTCCTTGGAAACACACTTGGATTG

GAAAGGAATGGTCTAAACAAGGATGG / GAGGAAGAATAACCCACTCGATAGAC

R-GECO1 GTCGACATCAAGTTGGACATCGTG / CCTTGTAGATGAATACGCCGTCCT
AT: Oligonucleotides for cloning
purpose DNA-sequence (Fwd / Rev)

MKKK20-stop
AT1G80350-stop
AT1G80350+stop
AT1G72250-stop
AT1G72250+stop
AT1G14390-stop
AT1G04780+stop
AT5G20470+stop
AHK1-ICP+stop
AHK1-ED+stop

CACCAGCTTTTGTTTCAATTTCAATGGAG/CCCTAGCCTTCCAAACACACTG
CACCATGGTGGGAAGTAGTAATTCG/AGCAGATCCAAACTCAGAGAGCCAC
CACCATGGTGGGAAGTAGTAATTCG/TAATTAAGCAGATCCAAACTCAGAGAGCCAC
CACCTTGTTAATGGAGGATTGTTGTGA/GATCCATCGCTCTTGTTTCTGCGG
CACCTTGTTAATGGAGGATTGTTGTGA/CAGTTTTTAATAGTTTCAGATCCATCGCTC
CACCATGCATAGTTCCTCTAAAAGCCAGG/TAGTTCTGAACCACCAAGCCCGAGG
CACCATGGCAAGCAGCACCATTGATG/CTTTTTCTTCAGCTGTTCTGAGATGAC
CACCATGCATCAGGACATGGTTCTAC/TTATGATGGACTAGCTTCTTTACGAGTGAG
CACCAATGGAACCGGTGTTTCAAAGGAGA/GGTCAAGCGGACAATGAAGTTTGGAA
CACCTGGCATTTCACAAGGATTTATACAAAGCAG/
CTAAGTCTTGAAGGCCCTTTCATCCACTTTTCCCA
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purpose DNA-sequence (Fwd / Rev)

IAA16+stop CACCATGATTAATTTTGAGGCCACGGAGC/TCAACTTCTGTTCTTGCACTTTTCTAATG

ARF21+stop CACCATGGAAAGTGGCAACATTGTGAA/TCAACTTGAGAGACTCTTACTGGAC

WAKA4+stop CACCATGAAAGTGCAGCGTCTGTTCTTAG/TCAGCGGCCTGCTTCAATGTCCAG

BIR1-stop CACCATGATGATGGGTAGGTTAGTTTTTGTAA/
ACGAGCAACTATGAGCTCTTCAATGAARA

A8: Oligonucleotides for site-directed mutagenesis

purpose DNA-sequence

AHK1-ED Leu298Ala
AHK1-ED Leu422Ala
MKKK20 insert stop
IAA16 remove stop
IAA16 Serl50Ala
IAA16 Serl50Glu
WAK4 remove stop
BRI1 Serl172Ala

BRI1 Ser1172Glu

TATGGATTCTCCGCTGGCCAGTGCGGCCCTGCCGG
CCGGCAGGGCCGCACTGGCCAGCGGAGAATCCATA
CCTGAATCTGAAACGGGCGCCGATCGTTGGCGTTGTCA
TGACAACGCCAACGATCGGCGCCCGTTTCAGATTCAGG
TGGGAGTTGGCTTACAGTCCGGTGAAAGGGTGGGCGCGCCGACCCAGCTTTCTTG
CAAGAAAGCTGGGTCGGCGCGCCCACCCTTTCACCGGACTGTAAGCCAACTCCCA
GTGCAAGAACAGAAGTTTAAAGGGTGGGCGCGCCGA
TCGGCGCGCCCACCCTTTAAACTTCTGTTCTTGCAC
TCTCTCCAACGCCTTAGCCAAAATGTTTAGC
GCTAAACATTTTGGCTAAGGCGTTGGAGAGA
TCTCTCCAACGCCTTAGAGAAAATGTTTAGCTC
GAGCTAAACATTTTCTCTAAGGCGTTGGAGAGA
CTGGACATTGAAGCAGGCCGCAAGGGTGGGCGCGCCGACCCAGCTTTICTTG
CAAGAAAGCTGGGTCGGCGCGCCCACCCTTGCGGCCTGCTTCAATGTCCAG
CAGTCAACGATCAGAGCAATAGAGGATGGAGGGTTCAG
CTGAACCCTCCATCCTCTATTGCTCTGATCGTTGACTG
CAGTCAACGATCAGAGAAATAGAGGATGGAGGGTTCAG
CTGAACCCTCCATCCTCTATTICTCTGATCGTTGACTG

A9: Oligonucleotides for sequencing by GATC

purpose DNA-sequence

intern AHK1 primer for complete sequencing (fwd1) AGGGCCTGAAGATGTAAG

intern AHK1 primer for complete sequencing (fwd2) AGAGACTTCCAATTGTAGGTGT
intern AHK1 primer for complete sequencing (fwd3) TGCCAGCATTAGTCAGAG

intern AHK1 primer for complete sequencing (fwd4) TATGGAAGTACAGCAAGAATGAT
sequencing of insert in pMetYC-Dest (fwd) AGGGTCGTCAGATACATAGA
sequencing of insert in pMetYC-Dest (rev) TTGTCCACGGCTTCATCGTG
sequencing of insert in pMetYC-Dest (fwd) ATTTCAAGCTATACCAAGCA
sequencing of insert in pMetYC-Dest (rev) CAGCGTAATCTGGAACGTCA

sequencing of insert in pB7WGR2 (rev)

sequencing of insert in pPB7WGR2 (fwd)

intern At1G14390 primer for complete sequencing (fwd)
intern Atlg72250 primer for complete sequencing (fwd1)
intern Atlg72250 primer for complete sequencing (fwd2)
intern Atl1g72250 primer for complete sequencing (fwd3)
intern At1g72250 primer for complete sequencing (fwd4)
intern WAK4 primer for complete sequencing (fwd1)
intern WAK4 primer for complete sequencing (fwd2)
intern WAK4 primer for complete sequencing (fwd3)
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TAGATTTGTAGAGAGAGACTGG
GGACTACACCATCGTGGAACAG
CTCCTTCTGCAAAGTATCAGCG
AGTATTACAACTGATGCTG
AGTCCAAGATATCAACGAG
ACGGCTAATGAGCACAG
AAGCTTGCTCGTCAACATG
ATGAAGCAAATGGAGAATGTAA
TGCCATTAGCTGTATAGAACA
GGTCTATGAGTTCATTTCCAG
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purpose DNA-sequence

intern AHA2 primer for complete sequencing (fwd1) CTGCAAACAAGGAGAAATCG
intern AHA2 primer for complete sequencing (fwd2) TGGAATCAGGGAAGTTCAC
intern AHA2 primer for complete sequencing (fwd3) TTGCTGATGCTACAGATGC
intern AHA2 primer for complete sequencing (fwd4) TTGCACAACTGATTGCTAC

Al10: AHK1pro activity in mannitol-treated light-grown seedlings

control 50mM mannitol 100mM mannitol 200mM mannitol

To analyze the tissue specificity of the AHK1-promoter (AHK1,1) it was fused to mCherry (red) and a
nuclear localization signal (NLS) in a binary plant vector (pB7-AHK1pro-mCherryNLS) and stably
transformed into Arabidopsis thaliana Col-0. The tissue specificity of AHK1,, activity and mCherry
expression was analyzed in three day old light grown seedlings with confokal microscopy. Different
laser intensities were used for the detection of mCherryNLS. Shown is a brightfield overview image of
the seedling as well as close ups which show brightfield images and mCherry signal (red). Dashed
lines mark the zone of the seedling for which the shown pictures are representative. At least six
seedlings per treatment were investigated. The bars in the overviews give 1mm, the bars in the close

ups 0.05mm. Stars mark nucleic mCherry signal.
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All: AHKZ1pro activity in mannitol-treated etiolated seedlings

control 50mM mannitol 100mM mannitol 200mM mannitol

To analyze the tissue specificity of the AHK1-promoter (AHK1,1) it was fused to mCherry (red) and a
nuclear localization signal (NLS) in a binary plant vector (pB7-AHK1pro-mCherryNLS) and stably
transformed into Arabidopsis thaliana Col-0. The tissue specificity of AHK1,, activity and mCherry
expression was analyzed in three day old etiolated seedlings with confokal microscopy. Different
laser intensities were used for the detection of mCherryNLS. Shown is a brightfield overview image of
the seedling as well as close ups which show brightfield images and mCherry signal (red). Dashed
lines mark the zone of the seedling for which the shown pictures are representative. At least six
seedlings per treatment were investigated. The bars in the overviews give 1mm, the bars in the close

ups 0.05mm. Stars mark nucleic mCherry signal.
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Al12: Subcellular localization of AHK1 in N. benthamiana treated with 0.8M

mannitol

RabD2a-mC A

AHK1-GFP PEP12-mC

]
AHK1-GFP RabA5d-mC

Transient co-expression of AHK1-GFP with (A) the peroxisomal marker CD3-983 px-rk; (B) the golgi-
marker CD3-967 g-rk; (C) the golgi-marker GOT1-mC; (D) VTI12-mC as marker for the trans-golgi-
network and early endosomes; (E) RabD2a-mC as marker for endosomes and the golgi-system; (F)
ARAB-mC as marker for late endosomes and prevacuolar compartments; (G) PEP12-mC as marker
for the post golgi compartment and with (H) RabA5d-mC as marker for the recycling endosome. (A,
B) were obtained from Andreas Nebenfiihr (Nelson et al., 2007). The markers are fused with RFP and
under the control of the 35S-promoter. AHK1-GFP was encoded in pH7FWG2.0-AHK1 and
expressed under control of the 35S-promoter as well. (C-H) The markers for organelles fused with
mCherry (mC) were obtained from Peter Pimpl who used the B-estradiol inducible promoter lexA-4¢-
35S (Zuo et al. 2000). These marker constructs were co-transformed into N. benthamiana together
with a vector in which AHK1-GFP is under control of lexA“635S as well. The subcellular localization
was analyzed two days after transformation (A-H) and 4-24h after (-estradiol induction (C-H).
Thereby the tobacco leaves were mounted in 0.8M mannitol and incubated for at least 10min. White
outlined arrows mark vesicle-like structures which do not show co-localization, white arrows mark co-

localization. The scale in all images is 20um.
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Al13: Transient co-expression of AHK1-GFP with markers for the endoplasmic reticulum,
mitochondria and plastids in N. benthamiana

mounted in water mounted in 0.8M mannitol

AHK1-GFP CD3-959 er-rk AHK1-GFP CD3-959 er-rk | merge

CD3-991 mt-rk AHK1-GFP CD3-991 mt-rk | merge
AHK1-GFP CD3-999 pt-rk AHK1-GFP CD3-999 pt-rk

Transient expression of AHK1-GFP with markers for the endoplasmatic reticulum (CD3959 er-rk),
mitochondria (CD3-991 mt-rk) and plastids (CD3-999 pt-rk). The markers were obtained from
Andreas Nebenfiihr (Nelson et al., 2007), fused with RFP and under the control of the 35S-promoter.

These marker constructs were co-transformed into N. benthamiana with pH7FWG2.0-AHK1, a vector

in which AHK1-GFP is under control of the 35S-promoter as well. The subcellular localization was
analyzed two days after transformation. Thereby the tobacco leaves were mounted in water or 0.8M
mannitol and incubated for at least 10min. The scale in all images is 20um.
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Al4: Amino acid sequence alignment of SLN1-ED, AHK1-ED and AHK1-ED

similar sequences

Sc_SLN1
Sm_XM_002978682.1
Sm_XM_002975442.1
At AHKL

Vv_XM_ 002265212
Pt_XM_002327617.1
Pt_xM 002303370.1
Mt_5g022470
Mt_8g075340

Mp GI 1026776310

Pp_SNLB_XM 001760151.1
Pp SNLA XM 001754627.1

Sc_SLN1
Sm_XM 002978682.1
Sm_XM 002975442.1
At_AHK1

Vv XM 002265212
Pt XM 002327617.1
Pt_XM_002303370.1
Mt_5g022470

Mt 89075340
Mp_GI_1026776310

Pp_SNLB_XM_001760151.1
Pp SNLA XM 001754627.1

Sc_SLN1
Sm_XM 002978682.1
Sm_XM_002975442.1
At AHKL

Vv XM 002265212
Pt XM 002327617.1
Pt_xM 002303370.1
Mt 59022470
Mt_8g075340

Mp GI 1026776310

Pp SNLB XM 001760151.1
Pp_SNLA_XM_001754627.1

Sc_SLN1

Sm_XM 002978682.1
Sm_XM 002975442.1
At_AHK1

Vv_XM 002265212
Pt XM 002327617.1
Pt_XM 002303370.1
Mt_5g022470
Mt_8g075340
Mp_GI_ 1026776310

Pp_SNLB_XM 001760151.1
Pp SNLA XM 001754627.1

Sc_SLN1
Sm_XM 002978682.1
Sm_XM_002975442.1
At AHKL

Vv_XM 002265212
Pt_XM 002327617.1
Pt_xM 002303370.1
Mt 59022470

Mt 89075340

Mp GI 1026776310

Pp_SNLB_XM_001760151.1
Pp_SNLA_XM_001754627.1

Sc_SLN1
Sm_XM_002978682.1
Sm_XM_002975442.1
At AHK1

Vv_XM 002265212
Pt XM _002327617.1
Pt_XM_002303370.1
Mt 59022470

Mt 89075340

Mp GI 1026776310

Pp_SNLB_XM 001760151.1
Pp SNLA XM 001754627.1

—-FTSNYKNLRSDRLYIAAQLKSSQIDQTLNYLYYQAYYLASRDALQSSLTSYVAGN
HETTAYATKSIKSL--AYSLRVELLKRTISRSWNLISTTLDATTTLANLSDYMIPK
HETTAYATKSIKSL--AYSLRVELLKRTISRSWNLISTTLDATTTLANLSDYMIPK
HFTRIYTKQSLQTL--AYGLRYELLQRPVLRMWSVLNTTSELTTAQVKLSEYVIKK
HFTRIYTTKSINSL--AYGLRYELLQRPILRMWNILNSTVEITTAQVKLSEYVIKR
HFTRSYTKKSLDTL--ASGLRYEILQRPILRMWNILNSTAEITAAQVKLSEYVIRR
HFTRSYTKKSLDTL--ASGLRYELLQRPILRMWNILNSTAEITAAQVKLSEYVIGR
HFTKIYTKKSLSSL--AYGLRYELLQRPILRMWNILNSTSEITTAQVKLSQYVIRR
HFTKIYTTKSLNSL--AYDLRYELLQRPILRMWNILNSTAEITTAQVKLSEYVIRS
HETTVYTTRSIKSL--AFSLRTELLQRPIARMWNLLNATLDTTVTHVNLSKYVVGQ
HETTVYTTRSIKNL--AFGLRTELLNRPIARMWNLLNNTVEATLSQVQLSQFVLGE
HFTTVYTTRSIKNL--AYGLRTELLNRPIARMWNLLNNTVEATLSQVQLSQEFVVGQ
. . . * .

*k K * ok ok

KSADNWVDSLSVIQKFLSSSNLFYVAKVYDSSFNAVLNATNNGTGDLIPEDVLDSL----FP-——-=-—-——---— LSTDTPLPSS
H--FSSILWTYAQPQHLVMRNITWAVFSSRQSLKTLSVLYSNGQLLAFDRNPVNNKTYYLESN-—--—-—-— NSAASTLGTEF
H--FSSILWTYTQPQHLVMRNITWAVFSSRQSLKTLSVLYSNGQLLAFDRNPLNNKTYYLEFSN-—--—-—-— NSAASTLGTEF
Y--DKPTTQEELVEMYQAMKDVTWALFASAKALNAITINYRNGFVQAFHRDPASSSTFYIFSD--—-—-—— LEKNYSISGTGPED
Y--SKPTTQAQQVELYEVMRDVTWALFASRKALNAITINYRNGEFVQAFHRDHRSNNTFYIFSD-— —-LVNYSISGSYNSN
Y--SKPTNQAEQVELYEVMRDITWALFASRKALNAITINYRNGFVQAFHRDHRSNNTEFYIYSD-— —-LVNYSINAKGPYD
Y--SKTTIQAEQVELYEVMRHVTWALFSSRKALNAITINYRNGEFVQAFHRDHRSNNTEFYIYSD- —-LRNYSINAKGPSD
Y--SNPASQAEQVELYEAMRAVTWSLFASRKALNSITINYKNGEFVQAFHRDLKDNNTFYIYSD---—--— LSNYSMVATTSNM
H--GNLATQAEQVEMYESMRAVTWALFASRKALNSITVKYRNGEFVQAFHRDLKDNNIFYIYTD-----— LSYHETNSFAAH-
Y--KLPISPGDQDQLYNVMRNVTWAIFTSRNAVNALTIVYSNGLTQGFERDAATKEEFYSYSV-—--—--~— FRNDTESAESPIA

Y--TLPIDASTQVQVHRTMRNIFWAVYAGRKSAKSITIAYRNGQLQAFDRNMVTNETFYIFTDPSVGAPLGGVSVIGASPAP
Y--TLPMDAATQVQVHRSMRNATWAIFASRKSAKSI IVAYRNGQLQAFDRDSTTNNTIYVYTNASAGDPLGGVDLLSPSPAA

. * % .

L mmmmmmm oo TIGILTDPVLNSTDYLMSM-———----- SLPIFANP
[ EFVESSTPGQWYKEELNPSTGQPIDS----AVSIPSVNFSDYTGNVSTLKTGETFWHVAVGSTDNE
[ ESVEASTTGQWYKEELNPSTGQPIDS----AVSIPSVNFSDYTGNVSTLKTGETFWHVAVGSTDNE

———GWNN-KSTHGNMSAIWYQQQLDPVTGENLGK-

PLKIPPDDLI-NIAGISQVPDGEASWHVTVSKYMDS
TL-----SSHQGWND-QSTIHSNISAIWYHVPLDPVSGERIGK- PKAIPPDDQI-NIAGLSQVPDGVASWHVAVSKYTDS
TNMFS---SHQAWDD-QSIHSNFSAIWYREPLDPISGEKKGK- ASPIPPDDLI-NIAGLSQVPDGVASWHVAVSKYTDS
ANMFL---SHQAWND-QSIHSNFSAIWYREPLDPTSGEKIGK----ASPIPPDDLI-NIAGLSQVPDGVASWHVAVSKYTDS
LKSIS---THQAWDD-KTLHGNFSAIWYREPLDPVTGEKIGK----AMKIAPEDLI-NIAGLSQVPDGVATWHVAVSKETDS
———————————————— EDTHSNKSAIWYREQLDPVNGEKIGK----AMKIAPEDSI-SIAGLSQVPDGVASWHVSVGKEFTDS
AFFPSPSPSPSGAEDFLPKSTADTFTWFREPVNKRTGHKMGP----AVEIKPYNLTQDFGGVALLKEGDTSWHITVHRSDDT
SPATDAPAPVTMWPDIPLENGNIT--WYKEPINPYTGKASSPINITPINITSYDLSKNIDYVLALKSTEVSWRLVVTESDDT
APLTD--APVTTWPDGPVNTSNIT--WYTETVNSYTGGSSSP----PNVTQSYDLSKSIDDVLFLRNTEVTWRVTVSEFEDT

SIILTDSRVY-GYITIIMSAEGLKSVENDTTALEHSTIAIISA-VYNSQ--GKASGYHFVFPPYGSRS-DLPQKVEFSIKNDT
CLLSSAADVRHPVTNELMATVVVTSALSGISNLMKDLARNYSGSFYLTSYDGLLLASSSNHSLVRVLS-HGPKLTPAVDAQD
CLLSSAADVRHPVTNELMATVVVTSALSGISNLMKDLARNYSGSFYLTSYDGLLLASSSNHSLVRVLS-HGPKLTPAVDAQD
PLLSAALPVFDASNKSIVAVVGVTTALYSVGQLMRDLVEVHGGHIYLTSQEGYLLATSTDGPLLKNTS-NGPQLMKATDSEE
PLLSAALPVWDPSNQSIVAVVGVTTALYSVGQLMKELVEVHSGHIYLTSQEGYLLATSTNAPLLTNSS-TGPKLMLAIDSED
PLLOAALPVWDASNKSIVAVVGVTTSLYSVGQLMRELVEVHSGYIYLTSQEGYLLATSTNAPLLTNST-TRPNLIMAVDTEE
PLLSAALPVWDAYNKSIVAVVGVTTALYSVGQLMRELVEVHKGYIYLTSQEGYLLATSTNAPLLTNST--RPNLIMAVDTEE
PLLSAALPVWDSSNKSIMAVVGVTTAFYSVGQLMRELVEMHSGHMYLTSQQGYLLATSTSAPLLTNSTKPPPKLKMAVDCED
PLLSAALPVWDSSNKSIVAVVGVTTALYSVGQLMKELVDKHSGHMYLTSQEGYLLATSTNDPLLTNST-KKPKLKMAVDCDN
PFLASGSPVRHPETGEVLAVAGVTQALRGVSQLMQELVTLHSGTIYLTNADGWLLASSTSTPLLKNSS-NGPSLIRAHESTD
PLLSSATPVRYRDSGIVVAVTGVTAALSSISQFLRELTSSHSGYLYLTTADGQLLATSTNASLIDSSG-PRRTLVLANESSD
PLLSSAAPIRHQGSDMIVAVTGITTALSSISQFLRELTSTHSGYLYLTTSKGQLLAASTNSSMINTSG-PIRTLVMANESSD

. . * . * .

FISSA----FRNGKGGSLKQT-NILSTRNTALGYSPCSENLVNW------— -VAIVSQPESVFLS
SVIRDGARWLREYHTDSILAQ-KEVHAEDVVLGGKKFYIDSFYWNLTGLPL -IGVILLPRSYVLG
SVIRDGARWLREYHTDSILKQ-KEVHAEDVVLGGKKFYIDSFYWNLTGLPL- -IGVILLPRSYVLG
WVIKSGAQWLEKTYGSKRP---HVVHAENVKLGDQRYYIDSFYLNLKRLPI- -VGVVIIPRKFIMG
RVIRLGAEWLQRTYGYKFPPS-HVVHVENAKLGHEHYYIDSFFLNLKRLPM--—--—--—-——-——-—-——-—— VGVIIIPRKYIMG
PITRMGARWLEKVYGNKLTPG-QIVQVENAKLGNQQYYIDSFFLNLKRLPI - ————————————————— VGVIIIPRRYIMG
PTIRMGARWLERVYGNKFPPG-HVVHVENAKLGKQQCYIDSFFLNLKRLPI-—---—-——-——-————————— VGVIIIPRRYIMG
EIIRLGAEWLQRTYGNHFPNSTHEVHVENAKLGNQQYYIDSFYLNLKRLPLVIIIKRLVLLTYSLVITKVGVIIIPRKYIMG
EVIREGAMWLKKTYENNFPPS-HEVHEENARLGHQQYYIDSFFLILKKLPL-————-————————————— VGVIIIPRKHIMG
SIISAGSMWLRREYGTDLENL-QNVHAEDVVLLGKKYYVDTFVLNLSKLPL-----—-—-——-——————-——— VGVIVTPRSFVMG
PVIKAGAQWLYARHGFEGLVK-TVVHAENVVLEGKRYYIDTFSLSLSGLOM-——-——-————————————— VGVIIIPRTYVMG

AVIKAGAQWLNERYGFEGLVQ-TVVHAENVVLEGKRYYIDTFCLSLPRLKM-————————————————— VGVIIIPRTYVMG

* . *

DVDDRGRTT,
DVDDRGRTT,
KVDERAFKT

KVEERALKT
KVDERAFKT
KVDERAFKT
QVDERSFKT
QADERAFKT
AVDRRGHAT
EVDRSGRAT
EVDRRGKAT
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CLUSTAL multiple sequence alignment by MUSCLE (3.8) of the amino acid sequences of the
extracellular domain (ED) of Saccharomyces cerevisiae (Sc) SLN1 (SLN1-ED; aa25-356),
Arabidopsis thaliana (At) AHK1 (AHK1-ED; aal00-446) and similar sequences from Selaginella
moellendorffii (Sm), Physcomitrella patens (Pp), Marchantia polymorpha (Mp), Vitis vinifera (Vv),
Medicago truncatula (Mt) and Populus trichocarpa (Pt). Predicted transmembrane domains (Dinkel et
al., 2016; AHK1-ED: aa77-99; aad447-469; dark grey) were included in the alignment. Identical

“w,n

residues are highlighted with “*”. Highly conserved residues are designated with “:”, weakly conserved

“wn

residues with

A15: Amino acid sequence alignment of SLN1-ED and CKI1-ED

Sc_SLN1 ALVSIVALGSLITLAVTTCVYFTSNYK----NLRSDRLYIAAQLKSSQID--QTLNYLYYQAYYLASRDALQSSLTSYVAGNKSA
At CKI1 NM 130311.2 ASRPIVVFCVLAFLVVVFECIWISNWRTTTENLVKEVASFTEDLRTSLVSEIENIGKFTYAKTNLSTI GLARVIDSYITNNDTG
B o L A S HER N R HEEE HE *i . HER R
Sc_SLN1 DNWVDSLSVIQKFLSSSNLEFYVAKVYDSSENAVL-——————————————-—— NATNNGTGDLIP-EDVLDSLF-PLSTDTPLPSSLE
At CKI1 NM 130311.2 FTEIQTQIAPLLFVAYSTILQVSQVSYISRDGLMFSYIAESNTSVAVFANSSSNSSRGDYTWYTQTVDQLTGRLNGNSTKSQSLD
*:: *.:: *::* *".. .':*.' * x :_** * T, _**
Sc_SLN1 TIGILTDPVLNSTDY---LMSMSLPIFANPSIILTDSRVY---GYITIIMSAEGLKSVENDTTALEHSTIAIIS---AVYNSQGK
At CKI1 NM 130311.2 VTHTDWFQAAQSNNYTTAFVGTSLGGEDNETLIQSVVSLYSKKGLVSLGFPVKTLTEVLN SLNLHGEELYMWTKDGTVLVREGS
B o A HE ok Hd L T S Hd HA
Sc_SLN1 ASGYHFVFPPYGSRSDLPQKVFSIKNDTFISSAFRNGKGGSLKQTNILSTRNTALGYSPCSFNLVNWVAIVSQPESVFLSPATKL
At CKI1 NM 130311.2 LNDSFFI----- SNGSI———CFGRESNSLWSQCIPENCSSSGYEVEIKRLRYQAF————CSVIEVSGVPLRYTLMFPNKGGATRI
B o LR *olae FLoor.io: I HE oo P P LoFr L
Sc_SLN1 AKIITGTVIAIGVFVILLTLPLAHW-—--——
At CKI1 NM 130311.2 KHQAEKAKYQLIVVMIFLGFGWPVWFVWFMM

kL akak . *

CLUSTAL multiple sequence alignment by MUSCLE (3.8) of the amino acid sequences of the
extracellular domain (ED) of Saccharomyces cerevisiae (Sc) SLN1 (SLN1-ED; aa25-356) and
Arabidopsis thaliana (At) CKI1 (CKI1-ED; aal0-366). Predicted transmembrane domains (Dinkel et
al., 2016; dark grey) were included in the alignment. Identical residues are highlighted with “*”. Highly

“.n “

conserved residues are designated with “:”, weakly conserved residues with

Al16: Amino acid sequence alignment of SLN1-ED and AHK1-ED

At AHK1 == -FVVRLAIMVMLATILIGLLTVLTWHFTRIYTKQSLQTL--AYGLRYELLQRPVLRMWSVLNTTSELTTAQVKLSEYVIKKYDKPTTQEELVE
Sc_SLN1 ALVSIVALGSLIILAVTTGV--——-—— YFTSNYKNLRSDRLYTAAQLKSSQIDQTLNYLYYQAYYLASRDALQSSLTSYVAGN-—---KSADNWVD
B H R A T HAA HE S HE HR HER S I Lo *
At AHK1 MYQAMKDVTWALFASAKALNAITINYRNGEVQAFHRDPASSSTFYIFSDLKNYSISGTG-—--PEDVSGWNNKSIHGNMSAIWYQQQLDPVTGEN
Sc SLN1 SLSVIQK-—-—-— FLSSSNLFYVAKVYDSSF-—————————=—=—————— NAVLNATNNGTGDLIPEDV-—-—————————————————— LDSLFPLS
e * ke X s *x U x . R LRk * kK Kk *k . .
At AHK1 LGKPLKIPPDDLINIAGISQVPDGEASWHVTVSKYMDSPLLSAALPVEFDA-———— SNKSIVAVVGVTTALYSVGQLMRDLVEVHGGHIYLTS—-—
Sc_SLN1 TDTPL---PSSLETI-GILTDP-—--—-— VLNSTDY----LMSMSLPIFANPSIILTDSRVYGYITIIMSAEGLKSVFNDTTALEHSTIAIISAV
..*‘k ‘k_.* _~k * ok * s, s Lx Kok akkoek PN R . R . . . I . .*:*
At AHK1  —----- QEGYLLATSTDGPLLKNTSNGPQLMKATDSEEWVIKSGAQWLEKTYGSKRPHVVHAENVKLGDQRYYIDSFYLNLKRLPIVGVVIIPR
Sc SLN1 YNSQGKASGYHFVF————PPYGSRSDLPQKVFSIKNDTFI——SSAFRNGKGGSLKQTNILSTRNTALG———YSPCSFNL————VNWVAIVSQPE
B LEE L * R O P xRk * KKK Forkoox,
At AHK1 KFIMGKVDERAFKTLITLISASVCIFFIGCVCILILT-————
Sc_SLN1 SVFLSPATK--——- LAKIITGTVIA--IGVFVILLTLPLAHW

* P * * k.

CLUSTAL multiple sequence alignment by MUSCLE (3.8) of the amino acid sequences of the
extracellular domain (ED) of Saccharomyces cerevisiae (Sc) SLN1 (SLN1-ED; aa25-356) and
Arabidopsis thaliana (At) AHK1 (AHK1-ED; aal00-446). Predicted transmembrane domains (Dinkel
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et al.,, 2016; dark grey) were included in the alignment. Identical residues are highlighted with “*”.

“w.n “w

Highly conserved residues are designated with “:”, weakly conserved residues with

Al17: Amino acid sequence alignment of AHK1-ED and CKI1-ED

At AHK1 ===FVVRLAIMVMLATLIGLLTVLTWHFTRIYTKQSLQTLAYGLRYELLQRPVLRMWSVLNTTSELTTAQVKLSEY ----VIKKY
At CKI1 NM 130311.2 ASRPIVVFCVLAFLVVVFECIWISNWRTTTENLVKEVASFTEDLRTSLV 77777777 SEIENIGKFTYAKTNLSTIGLARVIDSY
: HEE I *.ox N HE S I mELLE
At AHK1 DKPTTQEELVEMYQAMKDVTWALFASAKALNAITINYRNGFVQAFHRDPASSSTFYIFSDLKNYSISGTGPEDVSGWNNKSIHGN
At _CKI1_NM 130311.2 —ITNNDTGFTEIQTQIAPLLFVAYSTILQVSQVSYISRDGLMFSYIAESNTSVAVFANS ——=————-—-——————————— SSNSSRGD
.k s e e PR Kakee e e ek * Lk ks
At AHK1 MSAIWYQQQLDPVTGENLGKPLKIPPDDLINIAGISQVPDGEASW-HVTVSKYMDSPLLSAALPVFDASNKS IVAVVGVTT--AL
At CKI1 NM 130311.2 YT——WYTQTVDQLTGRLNGNSTKSQSLDVTH ——————————— TDWFQAAQSNNYTTAFVGTSLGG EDNETLIQSVVSLYSKKGL
- - - . Kokook .k akk k. ok ke . e ke e ke e e e * *‘k:
At AHK1 YSVGQLMRDLVEV--===— HGGHIYLTSQEGYLLATSTDGPLLKN--TSNGPQLMKATDSEEWVIKSGAQWLEKTYGSKRPHVVH
At CKI1 NM 130311.2 VSLGFPVKTLTEVLNSLNLHGEELYMWTKDGTVLV——REGSLNDSFFISNGSICFGRESNSLW ————— SQCIPENCSSS------
** . *** * * :*: :::* :*_ * * .. *** : . :* : . LK
At AHK1 AENVKLGDQRYYIDSFYLNLKRLPIVGVVIIPRKFIMGKVDERAFKTETTLISASVCIFFIG-~—=-CVCILILT
At CKI1 NM 130311.2 GYEVEIKRLRYQAFCSVIEVSGVPLRYTLMFPNKGGATRIKHQAEKAKYQLI———VVMIFLGFGWPVWFVWFMM

* % s ek % ] * XLk Kk

CLUSTAL multiple sequence alignment by MUSCLE (3.8) of the amino acid sequences of the
extracellular domain (ED) of Arabidopsis thaliana (At) AHK1 (AHK1-ED; aal100-446) and CKI1 (CKI1-
ED; aal0-366). Predicted transmembrane domains (Dinkel et al., 2016; dark grey) were included in
the alignment. Identical residues are highlighted with “*”. Highly conserved residues are designated

with “”, weakly conserved residues with

A18: Amino acid sequence alignment of AHK1-ED, SLN1-ED and CKI1-ED

At CKI1 NM 130311.2 BSRPIVVECVIAFLVVVEECIWISNWRT TTENLVKEVASFTEDLRTSLVSETENI GKFTYAKTNLSTIGLARV-IDSY ITNN--—
At _AHK1 ———FVVRLAIMVMLAILIGLLTVLTWHFTRIYTKQSLOTLAYGLRYELLQ--RPVLRMWSVLNTTSELTTAQVKLSEYVIKKYDK
Sc_SLN1 ALVSIVALGSLIILAVITGVYETSNYK----NLRSDRLY IAAQLKSSQID--QTLNYLYYQAYYLASRDALQSSLTSYVAGN--—
Sk o : ik . A . . . . ks s
At CKI1 NM 130311.2 ---DTGFTEIQTQIAPLLFVAYSTILQVSQVSYISRDGLMFSYIAESNTSVAVE----ANSSSNSSRGDY-----—————---—-
At AHKI PTTQEELVEMYQAMKDVTWALFASAKALNAITINYRNGFVQAFHRDPASSSTFYIFSDLKNYSISGTG-—PEDVSGWNNKSTHGN
Sc_SLN1 ~KSADNWVDSLSVIQK----~- FLSSSNLEYVAKVYDSSFNA-=========—===——~ VLNATNNGTGDL-=-=========-==~
. . L e s . *
At CKI1 NM 130311.2 ~-=TWYTQTVDOLTGRLNGNSTKSQSLDVTHT DWFQAAQ-~~~~=—== SNNY-TTAFVGTSLGGEDNETLIQSVVSLYSKKGLVS
At AHKIL MSAIWYQQQLDPVTGENLGKPLKIPPDDLINIAGISQVPDGEASWHVTVSKYMDS PLLSAALPVEDA-—~ - SNKSIVAVVGVTT
Sc_sLN1  —m———ee- IPEDVLDSLFPLSTDTPLPSSLETIGILTDP--———— VLNSTDY----LMSMSLPIFANPSIILTDSRVYGYITIIM
.. . N L. ek .. .
At CKI1 NM 130311.2 LGFPVKTLTEVLNSLNLHGEELYMWT -~ ———=-~ KDGTVLVR-========== === EGSLNDSFFISNGSICFGRESNSLWS
At AHKIL ALYSVGQLMR--DLVEVHGGHIYLTS------=~ QEGYLLATSTDGPLLKNTSNGPQLMKATDSEEWVIKSGAQWLEKTYGSKRP
Sc_SLN1 SAEGLKSVFN--DTTALEHSTIAIISAVYNSQGKASGYHFVF---—PPYGSRSDLPQKVFSIKNDTFI--SSAFRNGKGGSLKQT
.. . L. . . .. .
At CKI1 NM 130311.2 QCIPENCSSSGYEVEIKRLRYQAFCSVIEVSGVPLRYTLMEPNKGGATRIKHOAEKAKYOBT ==~ VVMIFLCECHPVNEVITEM
At AHK1 HVVHAE-——--- NVKLGDQRYYIDSFYLNLKRLPIVGVVIIPRKFIMGKVDERAFKTLIILISASVCIFFIG--—-CVCILILT
Sc_ SLN1 NILSTR------ NTALG----YSPCSFNLVNWVAIVSQ---PESVFLSPATKLAKI I IGIVIAIGVEVILLILPLAKN -~~~
.. . Lo . *

. x * ess

CLUSTAL multiple sequence alignment by MUSCLE (3.8) of the amino acid sequences of the
extracellular domain (ED) of Saccharomyces cerevisiae (Sc) SLN1 (SLN1-ED; aa25-356);
Arabidopsis thaliana (At) AHK1 (AHK1-ED; aal00-446) and CKI1 (CKI1-ED; aal0-366). Predicted
transmembrane domains (Dinkel et al., 2016; dark grey) were included in the alignment. Identical
residues are highlighted with “*”. Highly conserved residues are designated with “:”, weakly conserved

residues with “.”.
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A19: Detection of AHK1-ED in protein extract from transformed Origami2

(DE3) cells
A , : B . .
immune-det. coomassie immune-det.  coomassie
s 3 RRIBY s 3 RESBL T RBBY
[Da]ZZZZZZ [Da]ZZZZZZZZ.ZZZ
Marker " T7 18 1 Marker “l'l ' ”llf/ll’
ctrlunind. H EDind. H e -
ED unind. H < ctrlind. H '
ctrlunind. é ) ) ED ind. NH ’) ) g &
ctrlind. B ctrlind. NH } | (o8 bt
y W el
ED unind. ¥} M. \ .
ED +IPTG ) ] Malel [ [ ]
v i 3 i |

(A) Immune-detection and SDS-gel which was stained with Coomassie revealing abundance of
AHK1-ED (black arrows) in Origami2 (DE3) cells which were transformed with pMH-Hssumo-AHK1-
ED 26h after induction of protein expression with 0.3M IPTG (ind.) and without IPTG-induction
(unind.). Untransformed Origami2 (DE3) cells were used as control (ctrl). AHK1-ED was detected with
the use of a-His-AP. (B) Comparison of samples which were heated (H) and not heated (NH) for
10min to 95°C after the addition of Lyse and Load (LL)-buffer to the cells for protein extraction. Cells
were lysed in the volume of LL-buffer which would have been needed to set ODeoo=4.0. 25pl of
protein extract were loaded. Spectra™ Multicolor Broad Range Protein Ladder was used as size

marker.

A20: AHK1-ED and AHK1-ED-Leu298/422Ala expressed by gene cust

A B

immune-det. coomassie immune-det. coomassie
[kDa] 2 I o [kDa]
Marker I Marker
ED 50ng i ED-LA 300ng
ED 100ng +- ED-LA 600ng
ED 200ng ED-LA + B-ME 300g
BSA 50ng | ED-LA+ B-ME 600g
BSA 100ng | BSA 150ng
BSA 200ng ' BSA 300ng
BSA 400ng .:i BSA 600ng

Immune-detection and SDS-gel which was stained with Coomassie revealing abundance of AHK1-ED
(A; ED) and AHK1-ED-Leu298/422Ala (B; ED-LA) which was expressed and purified by GeneCust.

Bovine serum albumin (BSA) was used as quantity control. B-mercaptoethanol (3-ME) was used as
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reducing agent for AHK1-ED-Leu298/422Ala. AHK1-ED and AHK1-ED-Leu298/422Ala were detected

with the use of a-His-AP. Spectra™ Multicolor Broad Range Protein Ladder was used as size marker.

A21: Root elongation of ahkl knock down lines in different ecotypes during

mannitol stress

B C
[l Nos-0 ahk1-1 HWWs-2 ahk1-3 M ahk1l-4 H Col-0 ahk1-5 M ahk1-6

40 40

*%)
TT .
- I—r

T
£ 30 -
c
2
& 20 -
c
K]
()] 10 .
=]
o
e
0 -
0 50 100 200 400 0 50 100 200 400 0 50 100 200 400
mannitol concentration mannitol concentration mannitol concentration
[mM] [mM] [mM]
G H |
180 180 180
I 160 = 160 160
<140 7 140 140
o 120 T 120 —= 120 + =
2 C E I
® 100 | 100 4<% 100 dr-ist
- S E (%)
g 80 :‘Iﬁ 80 80 -
o 60 t 11— 60 60
© 40 -4\— 40 40
2 20 o 20 20 \\1\
0 T T T 1 O 0 T T T 1
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
mannitol concentration mannitol concentration mannitol concentration
[mM] [mM] [mM]

The ahkl knock down alleles in the Nos-0 (A, D, G), Ws-2 (B, E, H) and Col-0 (C, F, I) ecotype were
grown for four days on half strength MS salts at constant light conditions, were then transferred to
sorbitol-supplemented media and grown for additional four days. The root elongation was analyzed
with the method of Kumar et al. (2013) showing the total root elongation (D, E, F) and the method of
Wohlbach et al. (2008) showing the mean percentage of root elongation based on a non-stressed
control root (G, H, I). (A) gives the color code for (D) and (G), (B) gives the color code for (E) and (H),
(C) gives the color code for (F) and (). The labeling of the y-axis in (D) is also valid for the y-axes in
(E) and (F) the labeling of the y-axis in (G) is also valid for the y-axes in (H) and (I). Shown are mean
values and standard deviations of one experiment with at least 20 seedlings per line and treatment.
Student's t-test was used to analyze statistical significance of differences. Stars above the bars
display statistical significance in comparison to the respective wildtype. *p<0.05; **p<0.01;
***n<0.001. Brackets around stars display that the significance has been shown in just one

experiment.
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A22: Immunodetection of protein expression for mating-based split-ubiquitin

screens
Cub-VP16-detection Nub-HA-detection protein size
8% 8o o o 8980 o ownmn , ,
kDa N o= 10 < N AN N I o ~ Cub-fusion Nub-fusion
Marker X 2 R ? 2 2 ? I ?
control
AHK1-Nub 7 vy 186kDa / 143kDa
BAK1-Nub i1 186kDa / 78kDa
BRIZ-Nub ' n.d. 186kDa / 142kDa
BIR1-Nub ! 186kDa / 79kDa
AHAL-Nub = B 186kDa / 114kDa
AHA2-Nub it 186kDa / 114kDa
CNGC17-Nub 186kDa / 93kDa
AHKL-Cub RLP44-Nub ! 186kDa / 37kDa
WAK4-Nub 186kDa / 92kDa
AHK5_fl-Nub | 186kDa / 113kDa
AHK5_C8 ) | 186kDa / 67kDa
AHK3-Nub ) 186kDa / 126kDa
AHK4-Nub 186kDa / 127kDa
Marker ‘ ‘
CKI1-Nub " iy i BT 186kDa / 135kDa
L 1AAl6-Nub [T 0] 186kDa / 36kDa
[ 7 AHK1-Nub ME T T ¥ 121kDa / 143kDa
BRI1-Nub :l i J 121kDa / 142kDa
BAK1-Cub BIR1-Nub ML i 121kDa / 79kDa
AHA1-Nub 1l 'H i 121kDa / 114kDa
- } 1 {
| __AHA2-Nub : ! 1‘ = | 121kDa / 114kDa
AHK1-Nub I3 n-d- 1 , 186kDa / 143kDa
1198 n.d. I
BRI1-Cub BAK1-Nub 1 !"I -~ S 186kDa / 78kDa
| AHA2-Nub . 186kDa__/ 114kDa
B - _ a4 A n.d. 8
BIRL-Nub AHK1-Nub - - b 123kDa / 143kDa
| _ BAK1-Nub <-4 -4 W\ n.d. 123kDa__/ 78kDa
control
Marker
control " s
[ AHKI-Nub - 158kDa / 143kDa
AHA1-Cub BAK1-Nub ’ 158kDa / 78kDa
| BRI1-Nub nd. 158kDa / 142kDa
NGC17-Cub [ AHK1-Nub 1 15, 137kDa / 143kDa
CNGC17-Cub | gaKa-Nub 137kDa__/ 78kDa
Marker 3
B control : i
AHK1-Nub [ ey 157kDa / 143kDa
AHKS_fl-Cub | gaka-Nup 157kDa_/ 78kDa
[ AHK1-Nub Wl | 65kDa  / 143kDa
AHKS_C8-Cub | gaKa-Nub i | 65kDa___/ 78kDa
— . X
AHK2-Cub AHK1-Nub !,l > 186kDa / 143kDa
U0 BAki-Nub [T 186kDa__/ 78kDa
— Y vy
AHKA-Cub AHK1-Nub ; b 4 144kDa / 143kDa
| __BAK1-Nub | LU 144kDa__/ 78kDa
A ™ AHK1-Nub v He%. 179kDa / 143kDa
CKIL-Cub | Bak1-Nub 179kDa_/ 78kDa
o o o o o
(o) < o O o o < o O o
kDa o ot > P ¥ PR S
Marker i : i y : : ; .
AHK1-Cub [ ETR1-Nub ¥ 137kDa / 93kDa
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The Cub-fusions were detected with the use of a-VP16 (rabbit) and a-rabbit-AP, the Nub-fusions were
detected with a-HA (rat) and a-rat-AP. SpectraTM Multicolor Broad Range Protein Ladder was used
as size marker. Black arrows highlight detected fusion proteins. Not detected proteins are marked with

,n.d.“. Untransformed THY.AP4 and THY.AP5 yeast strains were used as control.

A23: Immunodetection of protein expression for yeast-two-hybrid screens

c-myc-BD detection HA-AD detection protein size
[eNeNe] [eNeNe]
SS2R3I 249 QISR 3SR
[kDa] @ 22 2 2 2 2 .,;.3 4 Z‘ 2 i 4 BD-fusion HA-fusion
Marker ¥ ¥ % % ¥ 3 ) i -
ctrl l “
AD-AHK1-ICP } 109kDa / 107kDa
AD-1AA16 109kDa / 46kDa
AD-MKKK20 J 109kDa / 59kDa
o) AD-MPK2 L e » TT 109kDa / 67kDa
= AD-MPK3 ey 109kDa / 66kDa
b= AD-MPK4 A 109kDa / 66kDa
;-‘ AD-MPK6 - ' 109kDa / 68kDa
@ AD-MPK7 ™k 109kDa / 52kDa
AD-MPK11 > 109kDa / 63kDa
AD-MPK17 At 109kDa / 79kDa
L AD-MPK5 ; 109kDa / 64kDa
o o o o o o
kba) « o 9 R 3 3F R I 3 RBRB 9
Wbt e—p 4 2Tl 4 4 R 1 2 4
Marker
pGADT7-Dest i 109kDa / 20kDa
PGADT7-MCS ¢ 109kDa / 21kDa
o AD-AHK1-ICP N 109kDa / 107kDa
f AD-IAA16 i Y 109kDa / 46kDa
X | AD-AT1G04780 ) 109kDa / 95kDa
< | AD-AT1G80350 109kDa / 81kDa
2 | AD-AT1G72250 ln " h 109kDa / 159kDa
AD-AT5G20470 - "o 109kDa / 93kDa
L AD-WAK4 ~ 109kDa / 102kDa
alfl AD-Dest . 6lkDa / 20kDa
;’ AD-ctrl . -:‘ 61kDa / 21kDa
z AD-AHK1-ED » ) 61kDa / 107kDa
3 AD-WAI:4| [ w-g | 6ikDa / 102kDa
L ctr

The intracellular part (ICP) of AHK1 (AHK1-ICP) and the extracellular domain (ED) of AHK1 (AHK1-
ED) which were fused with the binding domain (BD) and the ten amino acid comprising c-myc-tag
encoded in the respective vector pGBKT7 were detected with the antibodies a-c-myc (mouse) and a-
mouse-AP, the proteins which were fused with the activating domain (AD) and the nine amino acid
comprising HA-tag which was derived from the Human influenza hemagglutinin glycoprotein and
which were encoded in the respective vector pGADT7 were detected with the antibodies a-HA (rat)
and a-rat-AP. Spectra™ Multicolor Broad Range Protein Ladder was used as size marker. Black
arrows highlight detected fusion proteins. Untransformed Saccharomyces cereviasiae pJ69-4A was
used as control (ctrl).
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A24: Gene ontology annotation for the molecular function of the quantified
phosphopeptides

50
45
40
35
30
25
20
15
10

5

annotation count [%]

M ahkl.man/wt.man ahkl/wt M ahkl.man/ahkl B wt.man/wt

Gene ontology annotation for the molecular function of the quantified phosphopeptides in ahk1-3
(ahkl) and the wildtype (wt) Ws-2 after 10min treatment with 0.3M mannitol (ahkl.man; wt.man) or
mock (ahkl; wt). ahkl.man/wt.man and ahkl/wt comprise phosphopeptides which were quantified in
the experiment with and without metabolic labeling, ahkl.man/ahkl and wt.man/wt comprise
phosphopeptides which were quantified in the experiment without metabolic labeling.
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A25: Mating-based split-ubiquitin assay to test the interaction of AHK1 with
cytoskeleton-associated proteins, MKKK20 and IAA16

D . .
_| met25 >AHK1 |Cub | LexA |VP16 I_ Cub-detection Nub-detection
AHK1-Cub: 3 g 80 o 3 8 80 o ouwn
kpa] 7 3% ¥ ¢y ¥ YY
-{_ met25 »MKKK20 [Cub [ LexA VP16 |
Marker ‘ ‘ f
C CKI1-Nub ™ e
CSM  CSM+M  CSM+A+H AALG-Nub [ Tl
ODgg0 1.0 0.1 0.01 1.0 0.1 0.01 1.0 0.1 0.01
CKI1-Nub control
Marker
ERH3-Nub
TON14ENub LRR-RK-Nub [ nd. )\ n.d.
2 o7 AHK1-Cub: oo oo
S | LRR-RK-Nub [kDa] & SRAFHL IS
¥ |MKKK20-Nub Marker o
<1 I1AA16-Nub AHki-Nub §TEE
NUbG BAK1-Nub | ‘}m .
. NUbWT MKKK20-Nub | IT n-d-
3|  AHK1-Nub ERH3-Nub ' d.
z -Nu ToN14.6-Nub_, | [il] n.d.
< NubG MKKK20-Cub: "
= NubWT AHK1-Nub® | |

The fusion constructs of AHK1 (A) and MKKK20 (B) with the carboxy terminal part of ubiquitin (Cub)
including the tags for expression activation (LexA, VP16) in the pMetYC-Dest vector were
transformed into the S. cerevisiae strain THY.AP4, fusion constructs of CKI1, ERH3 (AT1G80350),
T914.6 (AT1G72250), LRR-RK (AT1G14390), MKKK20 and IAA16 with the amino terminal part of
ubiquitin (Nub) in the pXNubA22-Dest vector as well as the negative control NubG and the positive
control NubWT were transformed into the S. cerevisiae strain THY. AP5. After the mating the
interaction of the proteins was tested by dropping of the yeast on CSM minimal medium (CSM) and
verified by dropping them on CSM supplemented with 50uM Met (CSM+M) whereas CSM-Ade+-His+
(CSM+A+H) served as growth control. The growth was recorded after 4d growth at 28°C (C). (D) The
Cub-fusion proteins were detected with a-VP16 (rabbit) and a-rabbit-AP, the Nub-fusion proteins
were detected with a-HA (rat) and a-rat-AP. Spectra™ Multicolor Broad Range Protein Ladder was
used as size marker. Black arrows highlight the detected protein. Not detected protein is marked with
“n.d.“. Untransformed THY.AP4 and THY.AP5 were used as control.
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A26: Yeast-two-hybrid screen to test the interaction of AHKI1-ICP with
cytoskeleton-associated proteins, MAP-kinases, IAA16 and WAK4

A C
pGBKT7-AHK1-ICP pGBKT7-AHK1-ICP
0ODgo 1.0 0.1 0.010.001 1.0 0.1 0.010.001 ODsgg0 1.0 0.1 0.01 0.00 1.0 0.1 0.01 0.001
Dest Dest
AHK1-ICP AHK1-ICP
IAA16 IAA16
E WAK4 MKKK20
& | AT1G04780 MPK2
Q_ 1
AT1G80350 E MPK3
AT1G72250 & MPK4
o
AT5G20470 MPK5
CSM-L-T-A CSMI-L-T MPK6
B MPK7
pGBKT7-Dest MPK11
ODsoo 1.0 0.1 0.010.001 1.0 0.1 0.010.001 MPK17
Dest
CSM-L-T-A CSM-L-T
AHK1-ICP
IAA16
= WAK4
()
& | AT1G04780
o
AT1G80350
AT1G72250
AT5G20470

CSM-L-T-A CSM-L-T

The fusion construct of AHK1-ICP with the amino terminal DNA-binding domain in the pGBKT7-Dest
vector as well as the empty vector as control were co-transformed into the Saccharomyces cerevisiae
strain pJ69-4A together with the fusion constructs of the amino-terminal activation domain (AD) with
AHK1-ICP (A; B; C), IAAL16 (A; B; C), WAKA4 (A; B; C), (A; B; AT1G04780), (A; B; AT1G80350), (A; B;
AT1G72250), (A; B; AT5G20470), MKKK20 (C), MPK2 (C), MPK3 (C), MPK4 (C), MPK5 (C), MPK6
(C), MPK7 (C), MPK11 (C), MPK17 (C). pGADT7-Dest was used as control. For the interaction test
the respectively transformed yeast was plated on the auxotrophy medium CSM-Leu-Trp-Ade" (CSM-
L-T-A) as well as on the growth control medium CSM-Leu--Trp- (CSM-L-T) and grown for four days at

28°C. The detection of expressed protein is shown in appendix A23.

166



APPENDIX

A27: Root elongation of ahk1-3 and Ws-2 upon treatment with CaClz, flg22,
different hormones and inhibitors of hormone signal transduction or

hormone biosynthesis

HWs-2 ahk1-3

C

35 35
p— f— (%)
€ 30 £ 30 I
é 25 - T (on) é 25 - I I —
c c
-g 20 ,g 20 - |
© ©
%" 15 - %”15 | -
@10 @10 - —
5 s : : .

O - - 0 h T T 1

0 0.1
CaCl2 concentration [m M] flg22 concentration [uM]
D

35
'g 30
= 25 = T
5 T - T T7 T 17
S 20
[ -1
§ 15 | J ‘ I \ [
910 + —
o
2 5 —

I
O n T T T T i T T

ctrl

1M ACC
1pM CK
1uM IAA
5uM NPA

1uM MelA
1uM SA

1uM ABA

1uM GA3

1uM AgNO3
+0.025% DMSO

0.025% DMSO

The diagrams show the root elongation in four days of ahk1-3 (light grey, A) and its wildtype (dark
grey, A) after the transfer of four day old seedlings to different concentrations of calcium chloride
(CacClz, B), different concentrations of the pathogen-associated molecular pattern flg22 (C) as well as
to different hormones and respective inhibitors (D). Analysed was the root elongation upon treatment
with indole-3-acetic acid (IAA), the auxin transport inhibitor 1-N-naphthylphthalamic acid (NPA),
methyl-jasmonate (MeJA), salicylic acid (SA), abscissic acid (ABA), giberellic acid 3 (GA3), 1-
aminocyclopropane-1-carboxylic acid (ACC), the inhibitor of ethylene signal transduction silver nitrate
(AgNO3) and kinetin (CK). The root elongation was measured using ImageJ. Shown are mean values
and standard deviation of one experiment with at least 20 (B, C) or ten (D) seedlings per line and
treatment. Student's t-test was used to calculate statistical significance. Stars above the bars display
statistical significance in comparison to the respective wildtype: *p<0.05; ***p<0.001. Brackets around

stars display that the significance has been shown in just one experiment.
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A28: Localization of RFP-IAA16 without transient co-expression with AHK1-
GFP

mounted in water mounted in 0.8M mannitol
RFP-IAA16 igh 2l Hres RFP-1IAA16

Transient expression of IAA16 under the control of the CaMV 35S-promoter and tagged with a N-
terminal RFP (RFP-IAA16, red) in N. benthamiana reveals in confokal microscopy that RFP-IAA16
localizes to the nucleus in general and during osmotic stress applied with 0.8M mannitol. The scale is
50um.

A29: Skewing of Ws-2, ahk1-3 and ahk1-4 in the halotropism assay performed
by Dorota Kawa

Ws-2 (left), ahk1-3 (middle) and ahk1-4

(right) were exposed to a diagonal

gradient of NaCl (bottom panel) and a

control (upper panel). Pictures were

taken five days after establishing the

control control control gradient. The scale is 1cm.

200mM NaCl s 200mM NaCl s | 200mM NaCl s

A30: Number of lateral roots upon mannitol treatment

10 Mean values and standard deviations of lateral

root number in twelve day old seedlings after

. T eight days growth on mannitol-supplemented

. !| l " media. At least 19 seedlings per line and

treatment were analyzed. Data were averaged

between three replicates. Student's t-test was

number of lateral roots
o N E~Y (o)} (o]
,

0

50 100 200 400
mannitol concentration [mM]

used to determine statistical significance.

*p<0.05; **p<0.01.
B Ws-2 I7ahkl1-3 Mahk1-4 Mahk1-3/35S::AHK1-GFP
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A31:

ahk2 ahk3

Phosphoproteomic study of short-term kinetin treatment of Col-0 and
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The Sensor Histidine Kinases AHK2 and AHK3
Proceed into Multiple Serine/Threonine/Tyrosine
Phosphorylation Pathways in Arabidopsis thaliana

Dear Editor,

Cytokinins are AP-substituted adenine derivatives that are
involved in the regulation of numerous aspects of plant growth
and development. These include the control of cell division, leaf
senescence, apical dominance, sink/source relationship,
vascularand embryonic development, and apical merstem activ-
ity (Kieber and Schaller, 2014). In addition, there is increasing
evidence for the function of cytokinins in abiotic stress
responses (Zwack and Rashotte, 2015).

The cytokinin signal transduction pathway in plants is considerad
to be a canonical two-component, multistep phosphorelay sys-
tem (TCS). Upon cytokinin binding, the sensor histidine kinases
(HK) autophosphorylate at a conserved His residue. The phos-
phoryl group is then transferred to a conserved Asp residue in
the HK's own receiver domain. The His-containing phospho-
transfer proteins (HP) perceive the phosphoryl group from the
receiver domain of the HKs and transfer it to the Asp in the
raceiver of response ragulators (RR). The RRs function preferen-
tially either as transcription factors mediating cytokinin-regulated
gene expression (B-type RRs) or as negative regulators of cyto-
kinin signaling (A-type RRs).

The cytokinin sensor HK family of Arabidopsis consists of
three members: AHK2, AHK3, and AHK4. They have ovedapping
functions in cytokinin responses, are localized as dimers in the
ER membrane, and bind cytokinin via their CHASE domain
(Kieber and Schaller, 2014). To date, there is no evidence
that AHK2, -3, and -4 and the TCS elements acting
downstream of the HKs, namely the Arabidopsis HPs and RRs
(ARR), have properties not related to a canonical His-to-Asp

phosphorelay.

Interastingly, the osmolarity sensing pathway in yeast has been
shown to be a canonical TCS phosphorelay, which eventually
activates the Hogl mitogen-activated protein kinase (MAPK)
pathway upon high-osmolarity stress (Posas and Saito, 1998).
Having this signaling transition from a TCS to a classical MAPK
pathway in mind, we sought to test whether similar
mechanisms may also exist in plants regarding cytokinin
signaling.

To study the potential of the HK-dependent TCS phosphorelay to
cause Ser/Thr/Tyr modification, comparative phosphoproteo-
mics experiments in the absence or presence of the cytokinin
were carned out with seedlings of the wild type (WT; Col0)
and the ahk2ahk3 double mutant, which displays a relatively
weak cytokinin hyposensitive phenatype (Higuchi et al,
2004). Seedlings were grown hydroponically for a reciprocal
metabolic 'SN-labeling approach under continuous white light

for 14 days in media without cytokinin. Then the seedlings were
aither exposed to the final concentration of 100 ng/ml kinetin, a
functional cytokinin, for 10 min or mock-treated before
harvesting. The experiments were carmriad out in four biclogical
replicates for each combination of N/'°N labeling, and the
data were averaged between the replicates. We chose this
early time point to identify phosphorylation/dephosphorylation
evernts before tha onset of major cytokinin-controlled gene
expression and protein accumulation. Protein extraction, tryptic
digestion, and phosphopeptide enrichment were carred out ac-
cording to the Supplemental Information. Tryptic peptides were
analyzed by liquid chromatography-tandem mass spectrometry
using a Quadrupole-Orbitrap hybrid mass spectrometer. Proteins
wers identified by tandem mass spectrometry using information-
dependent acquisition of fragmentation spectra o multiple
charged peptides. Acquired spectra were matched against the
Arabidopss proteome. For quantitation, ratios between heavy
{"5N) and light {**N) forms of each paptide were calculated. Ratios
from reciprocal expeariments were converted to mutant-versus-
WT ratios. Proteins significantly up- or downregulated in their
phosphorylation pattern were defined by pairwise f-testing, if
peptides were identified in both replica experiments. For pep-
tides identified only in one replica experiment, a two-fold-
change cutoff was applied.

In total, 836 phosphopeptides were identified in at least one
genatype or condition (Supplemental Tables 1 and 2). Of
these, 553 phosphopeptides upon kinetin treatment and 358
phosphopeptides under mock conditions were quantified and
are prasented as ahk2ahk3/WT ratio. In mock-treated seedlings,
only very few significant differences in the phosphopratecme of
the WT and ahk2ahk3 seedlings were detectable (34 differen-
tially phosphorylated proteins; Figure 1A and Supplemental
Tables 1 and 2). In contrast, 150 phosphopeptides were found
to be differentially modified between the WT and ahk2ahk3
seediings after kinetin treatment. There was an overdap of
12 phosphopeptides between mock- and kinetin-treated
samples (Supplemental Table 3; the representative spectra for
one o the ovedapping phosphopeptides, LIEEVSHSSG(pS)
PNPVSD, are exemplarily provided in Supplemental Figure 1).
The differences of phosphorylation level in the ahk2ahk3
double mutant compared with the WT were much more
pronounced when plants were treated with kinetin
(Supplemental Figure 2). Thus, there are major changes in the
Ser/Thr/Tyr phosphoproteome that are dependént on the
presence of AHK2 and AHK3, and these changes become
particularly apparent in the presence of kinetin (Supplemental

Pubished by the Moecuiar Plant Shangha Editarial Office in associaton with
Cell Press, an imprint of Blsevier Inc., on behall of CSPB and IPPE, SIBS, CAS.
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Figure 1. The AHK2/AHK3-Dependent Two-Component Signaling System Causes Ser/Thro/Tyr Phospharylation and
Dephosphorylation in Arabidopsis thaliana.

(A) Functional categaorization of all identfied phosphoproteins in the dataset (n =836), the phosphoprotens differentially mod fied between the shi@ahi3
mutant and wikd type (WT) after 10 mn of kinetn (100 ng/ml) treatment {7 =150; kinetin datasst), with separation of higher {» = 78) and lower (n = 72)
phosphoryiation in the mutant, as well as the phosphoproteins differentially modified batween the ahi2ahi3 mutant and wt in the absence of kinetn
{n= 34). Diameters of the pie chartalso represent the numbers of paptides included. The categary “other” is composed of proteins with unknown function
and proteins of the non-spacified categones. Exploded pie slices marked with astensks represant significanty over-representad functional categones
(p < 0.01, Fisher exact test).

(B-E) Sgnificant (p < 0.05, t-tesf log.-fold phosphonation changes of ahi2ahk3 mutant versus WT within the Kinetin dataset in proteins with function in
cytokinin metabolism and signaling (B), calcium signaling (C), as protein knases (D), or in call arganization (E). Blue bars indicate higher phosphonyation
In the ahi2ahk3 mutant; red bars indicate higher phosphoryiation in WT. Emror bars represent SD of two replica experments, and muitiple testing
comection was appled.

(F) Schematc drawings of the domain structure of AHK2 and ARR7 according to the SMART database. Phosphorylaton sites identified in this study are
Indicated by red lstiers P, pink letter P marks phosphorylation stes identified in other studies. Green bar indicates colled col region and magenta bar
Indicates region of low complexity.

Figure 2). We therefore focused our further analysis on the  Of the 150 differentially modified phosphopeptides detected in
dataset obtained from the kinetin-treated seedlings fhereafter  the kinetin dataset, 72 displayed a reduced (log, ahkZahk3/
called the kinetin dataset). wt < -1) and 78 phosphopeptides an increased (logs
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ahk2ahk3/wt = 1) phosphorylation in the ahk2ahi3 mutant
compared with the WT. Given that aimost equal numbers of pro-
teins were found with increased and decreased phospharylation,
a large number of modification changes appear to be caused
through changes in phosphatase activities. The 150 phospho-
peptides contained 157 Ser, 59 Thr, and 23 Tyr sites. Using
Matif-X and the standard settings of occumrence of a least 10
and a significance threshold of 10-%, no significant phosphoryla-
tion motifs were found, not even for the 157 Ser sites. For the Thr
and Tyrsites the dataset is too small to allow efficient motif iden-
tification, even by using a lower significance threshold.

The differentially phosphorylated proteins have predicted or
axparimentally determined localization to the plasma membrane,
ER, cytosol, nucleus, or extracellular space. Their functional cate-
gorization using Mapman demonstrates that the AHK2/AHK3-
depandent TCS phosphorelay influences the modification state
of many proteins (Figure 1A), particularly calcium signaling,
cellular organization and division, and regulation of transcription
{Figure 1A).

Interastingly, among the phosphopeptides differantially modified
between ahk2ahk3 double mutant and WT in the kinetin data set
of WT seedlings we found AHK2 itself, which was phosphorylated
at Thr4, a site previously idertified in two other phospho-
proteomics studies (Sugiyama et al., 2008; Nakagami et al,,
2010), and at Ser596, very close to the His kinase domain of
AHK2 (Figure 1B and 1F; Supplemental Figure 3). Both previous
studies identified another AHK2 phosphorylation site at
Thr740 located within the HATPase domain (Figure 1F). The
AHK2 phosphorylation sites identified here were found in
phosphorylated form in the Kinetin-treated WT but nat in
the mock-treated WT datasets. ARR7, a canonical A-type
ARR, shows increased phosphorylation within a predicted
phosphorylation hotspot (Christian et al., 2012) in the ahk2ahk3
mutant in the kinetin dataset at two adjacent sites (Ser197 and
Ser199) in the C terminus (Figuwre 1B and 1F. ARR7 is a
negative regulator of cytokinin signaling, and functions together
with ARR15 in the cytokinin-controlled maintenance of the stem
cell systams embedded in shoot and root meristems (Zhao
et al., 2010). It is, therefore, tempting to speculate that the
phosphorylation of AHK2 and dephosphorylation of ARR7
modulate the sensitivity state of the TCS phosphorelay, theraby
influencing stem cell maintenance and also other cytokinin-
related procasses. Another protein with increased phosphoryla-
tion in ahk2ahk3 in the kinetin dataset is cytokinin oxidase/
dehydrogenase 2 (CKX2) (Figure 1B), which is predicted to be
located in the ER lumen. CKX2 is a member of a multiprotein
family, which catalyzes the breakdown of cytokinins. CKX2
phosphorylation may modulate its enzymatic activity and,
thereby, the amount of active cytckinin in the ER lumen.
Consequently, this might desensitize cytokinin perception as
the cytokinin receptors expose their harmonea-binding domain
to the ER lumen (Schaller et al., 2015).

Among the phosphoproteins with differential phosphorylation
between the ahk2ahk3 mutant and WT in the kinetin dataset,
we found an over-representation of the category “calcium
signaling” (Figure 1A). Beside two calmodulin-like proteins
{CML12: AT2G41100; CML25: AT1G24620) and two calcium-
binding EF hand family proteins (AT5G28830, AT1G29020) of

Molecular Plant

unknown physiological function, we identified one calmodulin-
binding transcriptional regulator-like protein (AT4G16150) related
to the Oryza sativa CaM-binding transcription factor (Chol et al.,
2005), one cakium-transporting ATPase of the E1-E2 type
{ACA13), probably exporting calcium ions out of the call (lwano
et al, 2014), and three calcium-dependent protein kinases
(CPKs) (Figure 1C and 1D). Although the functional role of the
phosphorylation/dephosphorylation of these proteins has yet to
be elucidated, the AHK2/AHK3-dependent TCS appearsto influ-
ance calcium signaling and homeostasis.

We also identified 21 protein kinases among the AHK2/AHK3-de-
pendent, differentially modified phosphoproteins in the kinetin
data set (Figure 1D). One of these was KIN10, with an enhanced
phosphorylation in the mutant at Thr6 and Tyr19, N-teminal to
the kinase domain. KIN10 is one of the two main catalytic
subunits of the Arabidopsis SNF1-related kinase 1 (SnRK1).
Upon sensing energy stress, SnRK1 triggers both transcriptional
and non-transcriptional changes that contribute to metabolic
reprogamming and restoration of energy homecstasis
(Baena-Gonzdlez and Sheen, 2008). Assuming that the
phosphorylations trigger the activity of SnRK1, a link is
established to how the AHK2/AHK3-dependent TCS could pro-
mote long-term effects in plant cell survival, differentiation, and
development at the level of metabolic and energy homeostasis.
Another three prominent kinases, which showed a reduced phos-
phorylation in the mutant compared with the WT in the kinetin
dataset, are the three CPKs mentioned above, namely CPK4,
CPK10, and CPK12 (Figure 1D and Supplemental Table 1).
These CPKs function in abscisic acid, drought, and salinity
signaling in a calkium-dependent manner (Boudsocq and
Sheen, 2013). Whether these modifications influence the activity
of the CPKs is not yet known; however, one may hypothesize
that the functional interaction of the AHK2/AHK3-dependernt
TCS signaling and abiotic stress responses (Zwack and
Rashotte, 2015) might be the result of modification of CPKs. We
atso found the Arabidopsis MAP kinase 18 (ATMPK18) to have
reduced phosphorylation in the mutant compared with the WT
in the kinetin dataset (Figure 1D and Supplemertal Table 1). The
phosphorylations occur at Serd15 and Serd26, C-terminal to the
kinase domain. Phosphorylation of S426 was also found in a
phosphoprateomics study of DNA-repair mechanism (Roitinger
et al, 2015). Furthermore, ATMPK18 forms a signaling module
with the dual-spedficity MAPK phosphatase, PROPYZAMIDE
HYPERSENSITIVE 1, which regulates cortical microtubule func-
tions (Walia et al,, 2009). Consistently, a significant number of
phosphoprateins with functions in “cell organization” wers
identified in the kinetin dataset, which is differentially modified
in an AHK2/AHK3-dependent mamner (Fguwe 1A).. These
proteins are mainly cytoskeletal components or are involved
in processes such as cell division, cell organization, and vesicle
trafficking (Figure 1E). With respect to cell division, we
identified one cyclin-dependent protein kinase (CYCDT:1),
one cydin {CYCT1;1), two cell division cycle proteins
(CDC48, AT3G53230), and a component of the SMC5/%6
complex (SMCB6A: AT5G07660) (Figure 1E). Regarding cell
organization, three different myosin heavy chain-related
proteins (AT3G42060, AT1G20400, AT1G64320), twe ankyrin
repeat-containing proteins (AT5G 14230, AT2G04740), one puta-
tive actin-binding (AT5G48460) and one microtubuli-associated
(MAPE5-5) protein, as well asthe kinesin-5 motor protein (ATKS)
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were found (Figure 1E). Finally, the katanin-like protein ERH3 and
one syntaxin (SYP123) showed AHK2/AHK3-dependent differan-
tial modification. These results are in agreement with the function
of the AHK2/AHK3-dependent TCS in the regulation of cell divi-
sion and cell growth (Kieber and Schaller, 2014), and may add a
new level of complexity to the control of these cellular processes.

The AHK2Z/AHK3-dependent changes in the Ser/Thr/Tyr phos-
phoproteome of Arabidopsis raise the question of how the AHK
cytokinin receptors or their downstream TCS elements achieve
this. From a thermodynamic point of view canonical HKs, HPs,
and RRs are not able to phosphorylate Ser, Thr, or Tyr directly.
Therefore, other mechanisms must exist that enable the AHK2/
AHK3-dependent TCS elements to activate canonical Ser/Thr/
Tyr kinases or phosphatases, which may then be responsible
for the majority of protein modification found in our phosphopro-
teome data set. Atleast two possible and complementary mech-
anisms are conceivable, which have the physical interaction of
the TCS elements with putative target kinases in common. In
the first case an interaction with TCS elements may induce auto-
phosphorylation followed by autoactivation of the target kinases.
These kinases may cause an initial wave of phosphorylation. An
axample of this mechanism is the autophosphorylation and acti-
vation of the MAPKKKs Ssk2 by physical interaction with the ca-
nonical response regulator Ssk1 in the yeast Hogl pathway
(Posas and Saito, 1998). In the second case the association of
TCS elements with kinases results in their activation without
autophosphorylation. Such kinases are then responsible for the
modification of secondary kinases {and phosphatases), which
in tum phosphorylate downstream targets. An in planta
example of this mechanism is the conformational regulation of
MAPKKK-like constitutive triple response 1 {CTR1) by interaction
with the ethylene receptars, members of the HK family (Wang
et al., 2013). Both mechanisms could take place in the ER
membrane, at the ER-cytosol interface, in the cytosol, or in the
nucleus, as the TCS slements of the AHK2/AHK3 signaling
pathway are found in all these compartments (Kieber and
Schaller, 2014). Interestingly, although the cytokinin raceptor-
like family of monocots consists for the most part of canonical
HKs, Q. sativa AtCRE1-like 4 (OsCRL4) is predicted to be a Ser/
Thr kinase (Han st al., 2004). This opens the possibility that at
least in rice, OsCRL4 might be able to cause rapid changes in
Ser/Thr phosphorylation in a direct manner.

Our study revealed a previously unrecognized massive signaling
transition from the AHK2/AHK3-dependent TCS phosphorelay
to Ser/Thr/Tyr phosphorylation/dephosphorylation. In future, it
will ba worth explorng (1) how and at which molecular level
within the TCS (HK, HP, or RR) and where in the cell this transi-
tion occurs, (2) what the consequences of the modification are
for the functional properties of the identified proteins, and @3)
how the entire phosphorelay-phosphorylation network is
organized.

SUPPLEMENTAL INFORMATION
Supplementa! Information s avalable at Molecular Plant Online.
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SUPPLEMENTAL INFORMATION

SUPPLEMENTAL EXPERIMENTAL PROCEDURES
Plant Material
For this study the Arabidopsis thaliana T-DNA insertional mutant ahk2-2ahk3-3 (Higuchi et

al., 2004) and the Columbia-0 (Col-0) wild type (wt) were used.

Seedling growth and experimental design

20mg Arabidopsis thaliana seeds of wt and ahk2ahk3 were germinated and grown under
continuous light (22°C. 40pmolm™s™) in 50 ml JPL medium containing 30uM H;BO;, 30uM
MnSO;. 11.1uM ZnSO,. 1.5pM KI. 0.3uM Na;MoO;. 30nM CoCly, 30nM CuSO;, 4mM
CaCl,, ImM MgSO;, 5pM FeSO;, 5puM NaEDTA, 375pM KHPOs;, 10pM
NaHPO+Na;HPO:, 0.3% sucrose, ImM Glutamine, 3mM MES pH5.8, 2mM KNO;, 1mM
NH4NOs, shaking with 80uw/min. After 10 days the JPL medium was renewed. After 14 days
the media in which the seedlings were growing were supplemented with Kinetin to a final
concentration 100 ng/ml. After 10 min shaking at 80 w'min in kinetin-supplemented media the
seedlings were harvested, frozen in liquid nitrogen and stored at -80°C. In a control
experiment (mock treatment) the seedlings were not treated with kinetin and harvested
directly.

We used “N-labeling and a reciprocal experimental design (Kierszniowska et al.. 2009).
These experiments were cammied out in four biological replicates for each combination of

*N/*N-labeling. Data were averaged between these replicates.

Protein extraction, tryptic digestion and phophopeptide enrichment
Protein extraction, fryptic digestion and phosphopeptide enrichment was carried out as

described in Wu and Schulze (2015).
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Mass spectrometric data analysis and statistics

Tryptic peptide mixtures were analyzed by LC/MS/MS using nanoflow Easy-nLC1000
(Thermo Scientific) as an HPLC-system and an Quadrupole-Orbitrap hybnd mass
spectrometer (Q-Exactive Plus. Thermo Scientific) as a mass analyzer. Peptides were eluted
from a 75um x 50cm analytical column (Thermo Scientific) on a linear gradient running from
4 to 64% acetonitrile in 120min and sprayed directly into the LTQ-Orbitrap mass
spectrometer. Proteins were identified by MS/MS using information-dependent acquisition of
fragmentation spectra of multiple charged peptides. Up to twelve data-dependent MS/MS
spectra were acquired for each full-scan spectrum acquired at 60,000 full-width half-
maximum resolution. Overall cycle time was approximately one second (Wu et al.. 2014).

Acquired spectra were matched against the Arabidopsis proteome (TAIR10, 35386 entries)

modification; oxidation of methionine as well as phosphorylation of serine. threonine and
tyTosine was set as variable modifications. Mass tolerance for the database search was set to
20ppm on full scans and 0.5Da for fragment ions and < **N-metabolic labeling™ was chosen as
quantitation option. Peptides were accepted using a FDR threshold of 0.01. For quantitation,
ratios between heavy (*°N) and light forms of each peptide were calculated using Mascot
Distiller. Hits to contaminants (e.g. keratins) and additionally identified reverse hits were
excluded from further analysis. Ratios from reciprocal experiments were converted to “mutant
vs wild type” ratios and averaged. Significantly up- or down-regulated proteins were defined
by pairwise t-testing with multiple-testing correction (Benjamini et al, 1995) if peptides were
identified in both replica experiments. For the peptides identified only in one replica
expeniment, a two-fold-change cutoff was applied. A full list of identified and regulated

peptides is in supplementary tables 1 and 2.
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SUPPLEMENTAL FIGURE 1. Representative spectra of the phosphopeptide
LIEEVSHSSG(pS)PNPVSD. Full scan spectra of the **N (wild type) and **N (ahk2ahk3

double mutant) labeled peptides under mock (A) and kinetin treatment (B). In this example.

four independent fragment spectra were obtained for the unlabeled (C) and labeled (D) peptide
under mock treatment, and for the unlabeled (E) and labeled (F) peptide under kinetin treatment.
Labels within the fragment spectra indicate prominent signature ions; the respective total number
of 1ons matching the peptide sequence is noted besides the parent ion mass.
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SUPPLEMENTAL FIGURE 2. Distribution of phosphopeptide log, ratios between the
ahk2ahk3 mutant and wild type in the kinetin treated and mock treated experiments.

Note, that upon kinetin treatment. the differences in the phosphopeptide distribution between
the ahk2ahk3 mutant and wild type are much stronger compared to mock treatment.
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SUPPLEMENTAL FIGURE 3. Spectra of Ser/Thr phosphorylation sites MSI(pT)CELLNLTSKK
Thr4 and AEAADIAKSQFLATV(pS)HEIR Ser396 identified upon kinetin application.

Matching 1ons are labelled according to the peptide fragmentation nomenclature (Roepstorff and
Fohlman, 1984). C* indicates carbamindomethylation of cysteine.

(Roepstorff, P., Fohlman, J. (1984). Proposal for a common nomenclature for sequence 1ons
In mass spectra peptides. Biomed. Mass Spectrom. 11: 601)
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The additional supplemental data of this publication can be found on the attached CD.
Supplemental table 1: ahk2 ahk3 regulated phosphopeptides and ORA
Supplemental table 2: ahk2 ahk3 quantified phosphopeptides

Supplemental table 3: overlap of phosphopeptides between mock- and kinetin-treatment

A32: My contribution to the publication Dautel et al. (2016)

My contribution to the publiclation Dautel et al. (2016) with the title “The Sensor Histidine Kinases
AHK2 and AHK3 Proceed into Multiple Serine/Threonine/Tyrosine Phosphorylation Pathways in
Arabidopsis thaliana.” was to produce the growth media and to cultivate the ahk2 ahk3 and Col-0
seedlings to obtain the samples for protein extraction, phosphoprotein enrichment and phosphoprotein

guantification. Furthermore | participated in the generation of the figures.
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A33: Phosphopeptides which were quantified in ahkl1l-3 and Ws-2 in an
experiment with a reciprocal metabolic labeling experimental design

and 10min treatment with 0.3M mannitol
Phosphopeptides (pPeptides) which were quantified in ahk1-3 (ahk1) and the wildtype (wt) Ws-2 in an
experiment with metabolic labeling after 10min treatment with 0.3M mannitol, are listed in the tables of
their respective functional category. The logz-values of the ratio of normalized phosphopeptide ion
intensities of ahk1-3 and Ws-2 (logz2(ahk1/wt)) reveal more pPeptide abundance in ahk1-3 (log>>0) or
in wt (log2<0). sd gives the standard deviation, p-values show the respective statistical significance.
Data were obtained from Waltraud X. Schulze.

cell.organisation

replicate 1 replicate 2
accession pPeptide log2(ahk1/wt) sd p-value log2(ahk1/wt) sd p-value
AT1G04780 (ac)M(0x)ASS(ph) TIDVTK 10.00 10.00 0.3299
AT1G08730 RS(s)(s)ATLFGRMSQSFR 421 0.5500 2.91
AT1G08730 DGLAKT(ph)VYSR 4313
AT1G14500 M(oX)FVT(ph)FVK 2.12
AT1G18370 LLDDPEKGT (ph)VWEK 232
AT1G18550 LESLNAS(ph)VS(ph)R 3.88
AT1G20060 T(Ph)FTKVTTTTK 20.21
AT1G24150 VLAQS(ph)EGDNK 29.50
AT1G29170 NELPSM(ox)VT (ph)S(ph)APKPEIK 28.99
AT1G42550 TSFSVPSPKMT (ph)S(ph)R 23.68 0.0932
AT1G72250 T(ph)LQDKVKELESQLLVER 2.43 0.1200 1.93 0.8203
AT1G77550 AVFEAAALAHPEM(0x)QS(ph)PK
AT1G80260 S(ph)RVNSFGIDCLESLK 26.44
AT1G80350 GGATSKS(ph)TAGAR -41.61
AT2G22610 DEQS(ph)QEAVLLRQKIK -20.38
AT2G34730 KTEEKLS(ph)ETK -21.13
AT2G37080 S(ph)EM(0X)ETM(0X)QSEKNK 714 0.2980
AT2G37420 TAMIS(ph)DASSNIR -19.88
AT3G44730 ELEEVKS(ph)NFVETR 11.95
ATA4G03830 AAS(ph)VDLLPISK 5.54 4.32 0.0727
ATA4G05190 ENIES(ph)LQEKLS(ph)KEK -21.50
ATAG16340 EKLSEDFY (ph)FQIQPTEM(0x)QDAK 31.01 0.0313
ATAG19660 EAFLHFLS(ph)Y (ph)IY(ph)T(ph)GR 0.28
AT4G25590 M(0x)KMVYAS(ph)SK -19.65
ATA4G27370 FRNAIS(ph)LESKT (ph)IEK -21.83
AT4G34380 SSSSPHEGS(ph)GAWSSRNVEK -21.28
AT4G39050 MLAGEIAFS(t)(S)TLK 29.04
AT5G10470 Y(ph)LGVLAEKSR -20.36 0.0783
AT5G12320 RLILAGASLS(ph)LLNR 0.88
AT5G20470 FNEY (ph)LNM(0x)S(ph)LK 2.07 1.83
AT5G41310 ATSMS(ph)LK 2.44
AT5G48460 MNATY (ph)VISIAR -9.71
cell.vesicle transport

replicate 1 replicate 2
accession pPeptide log2(ahk1/wt) sd p-value log2(ahk1/wt) sd p-value
AT1G04750 IELLVDKT(ph)ENLR -22.04
AT1G56610 VFS(ph)QATLVTLK -0.73
AT2G28640 AHNLVT (ph)lAM(ox)K 28.40
AT2G28650 RS(ph)VGM(ox)M(ox)IIPR 0.25
AT3G08790 FKKPT(ph)SGRAGSM -2.30
AT3G11820 (ac)M(ox)NDLFS(ph)SSFSRFR 1.95
AT3G29400 S(ph)GKSLTKNAK -1.37 0.8000 -3.99 5.99E-02
AT3G49420 (ac)M(ox)M(ox)S(ph)FEMNDR 0.76
AT3G55480 ASAGLLRIGTDAHLYDDPEDVNIAPLLDS(ph)KFESEK -22.62
AT4G23460 M(ox)ERGTFLET(ph)WK -22.12 0.1661
AT5G03540 (ac)AVDS(ph)RM(ox)DLLSER -0.13 0.4326 8.69E-02 -1.37 0.3808 8.69E-02
AT5G16880 LKIGGS(ph)EVSNK 11.16
AT5G50440 M(ox)LEDSFQSGVAILS(ph)K -0.59 0.18 0.2595 2.96E-01
development.

replicate 1 replicate 2
accession pPeptide log2(ahk1/wt) sd p-value log2(ahk1/wt) sd p-value
AT1G30610 PS(ph)PVTYGLIM(0x)EVM(0x)LACEK -10.00 -10.00
AT1G32400 109.94 AANTPAEYDS(ph)DDEYLAPR b10/y9 . -21.59 0.2287
AT1G55540 PPMPQSNS(ph)PFTISPIS(ph)AS(ph)K -10.00 -10.00 0.8452
AT1G72410 RSSIVSDM(0x)S(ph)T(ph)DLASEKK
AT2G18060 PSS(ph)S(ph)M(0x)S(ph)IT(ph)SMDNNYNYK 0.33 0.3163
AT2G19430 T(ph)GKCVKVIGSQDK 0.94
AT2G32950 M(0X)EEI(S)(t) DPVVPAVKPDPR 418
AT2G41980 NLALY (ph)FS(ph)GSDKEELK 2.98 0.4500 -0.97
AT2G42200 RRKPQPAS(ph)LS(ph)VLASR 2.02
AT3G05680 LAVGT(ph)LMGPQK 20.96
AT3G09090 IT(ph)QSQIY (ph)DRPGK 2431 0.08
AT3G12850 NDLESAT(ph)DELEK -0.80
AT3G19430 VVPIT (ph)M(0x)EDSRIHGY (ph)DVK -10.00
AT3G61190 M(0X)M(0x)T(ph)KTLEIDLR 2073
ATA4G00060 KPTPEAKSDKNVNLS(ph)T(ph)K 0.14
AT4G01450 LPTNT(ph)VEEEK 0.93 0.0600 1.35
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replicate 1 replicate 2
accession pPeptide log2(ahk1/wt) sd p-value log2(ahk1/wt) sd p-value
ATA4G13560 AADLT (ph)QS(ph)ARDKT(ph)ADGSHSANK 3.24
ATA4G26370 PT(ph)NLVS(ph)LRT(ph)GNK 10.00 10.00
AT5G12130 FIPVT(ph)SSYDGNR -20.50
AT5G14120 REDQEPGLQT(ph)PDLILS(ph)EVEDEKPK
AT5G16780 T(ph)DEFGRT (ph)LTPK 0.05
AT5G59460 REISS(ph)TLR -20.29
AT5G60910 NFMGEDLDS(ph)LSLK 1.26 0.2010 2.16E-01 -0.18 0.6382
protein.degradation

replicate 1 replicate 2
accession pPeptide log2(ahk1/wt) sd p-value log2(ahk1/wt) sd p-value
AT1G02980 QAT(ph)EAATDKAASTSGLK -20.45
AT1G04730 EPHVRQS(ph)ESSDIKGCK -27.21
AT1G07200 M(0X)EDLT(ph)ASVT (ph)NR 21.20 0.99
AT1G11750 (ac)M(0x)AGLAISPPLGLSFS(ph)S(ph)RTR 0.28 1.1657
AT1G16470 (ac)M(0x)GDSQYSFSLTTFS(ph)PS(ph)GK 0.79 0.3415
AT1G19460 LGLS(ph)ET(ph)FLY(ph)AAIR 1.42
AT1G23260 (ac)M(0x)S(ph)S(ph)EEAKVVVPR -10.00
AT1G45000 LIVKAS(ph)SGPR 10.23
AT1G47350 SART(ph)ENGEILSLARK -21.62
AT1G49630 GLKLLSAAS(ph)R 28.51
AT1G50980 ILS(ph)LLPS(ph)KDVVAT (ph)GVLS(ph)K
AT1G51320 QYKM(0x)LDY (ph)YK 60.57
AT1G65040 M(0X)ILAT (ph)T(ph) T(ph)VSIIVK 10.00
AT1G65110 NIS(ph)DDIVLKSIDLLK 28.19
AT1G70960 (ac)M(ox)VNTS(ph)FETLPR 275
AT1G74370 EGFISKGEEAAT(ph)KPRR 2.31 -2.90
AT1G75400 QVS(ph)DSQILGLK 0.37
AT1G77650 WTTRGLDRY (ph)NK -44.88
AT2G07240 RPRTLS(ph)SKLDGR 4.03 0.60
AT2G18190 VM(0x)NS(ph)YLSHVVAESEETK -0.68
AT2G18915 EFT(ph)THEATAWRK -23.22
AT2G21500 S(ph)PKEIHSPSSLR -20.57
AT2G24280 NIS(s)(s)IVALVT (ph)KK -19.44
AT2G24540 LPM(0x)VLAKY (ph)DSAVIGK 0.25 0.90
AT2G29860 EPVLYAFIGCT(ph)PYTTPRWFILR -2.48
AT2G39720 ENFVLKS(ph)SAR 10.00 10.00
AT2G42730 NLM(0x)MLPRAS(ph)SKY(ph)R -22.54
AT2G43260 KLS(ph)PPPYVVNVGSK -21.73
AT2G44130 FPDT(ph)SPR 153
AT2G45920 Y(ph)SM(0x)RM(ox)ADLLSTK 0.26
AT3G12775 EKEGVS(ph)FFVR 0.31
AT3G16550 (ac)VSRYSRALLPT(ph)IT(ph)IS(ph)SR 0.63
AT3G17270 S(ph)LNT(ph)MY (ph)AKLK 10.00 10.00
AT3G22700 S(ph)ARTWY (ph) TLSER 0.97
AT3G27110 RS(ph)VS(ph)YIGFGAEKVGR -20.83
AT3G27330 S(ph)T(ph)IS(ph)FST(ph)AVTAR -10.00
AT3G28510 NYLAS(ph)KSTALAKR -3.51
AT3G28580 LKANTTKGS(ph)K 29.33
AT3G28600 LTFHRRS(ph)R -20.76
AT3G42550 DT(ph)S(ph)ILLSALY (ph)YTTVQIGTPPR -20.47
AT3G49150 RM(0x)VIKQCS(ph)FVNT -19.48
AT3G53970 LVT(ph)DLQS(ph)EIIDK 23.23
AT3G60820 M(0x)S(ph) TGYSILSR 0.20
ATA4G02760 SLKLGSISSSAEPTTS(ph)LLT(ph)R 30.12
ATAG05475 M(0x)ATSTT(ph)LQSLLMK 21.31
AT4G09920 NYDRHPY (ph)MIENMPK -1.41
AT4G17510 AT(ph)ASESSSSKR 10.48
AT4G17740 FSYARS(ph)RSNISR
ATA4G20310 T(ph)SNGS(ph)LYLGGS(ph)RR 10.00 10.00
ATAG22060 QIFET(ph)QVNYDILM(0x)EK 7.55
AT4G23580 SLLASTELYQT(ph)R 5.04
AT4G26350 WGS(ph)LWRWVPK -1.17
ATAG36550 HS(ph)IIILKNLCS(ph)TEKGR 2351
AT5G02310 IENM(0x)INQS(ph)LTR -21.47
AT5G02880 VLDLPLS(ph)K 2.64
AT5G05740 GNLRGKPATSY(ph)EK 29.49
AT5G06460 ENIIAS(ph)AS(ph)SPM(0x)KK -0.01 0.0500 0.10
AT5G17760 1S(ph)KGHKDK -21.63
AT5G22010 ST(s)(s)KAGPVKNAAETAPIK -22.39
AT5G22660 Y(ph)FLENSLVLK 1.51
AT5G22980 MFY (ph)FFFESRNK 0.20
AT5G38396 NVQCLDLS(ph)ANTLEMLSLSCES(ph)MPVFK 21.92
AT5GA41490 (ac)MAT(ph)MITNLR 1.81
AT5G43060 VVTIDSYEDVPENSEASLK -21.63
AT5G43060 VVT(ph)IDSYEDVPENSEASLKK -11.30
AT5G45390 MGTLSLSSSLKPS(ph)LVS(ph)S(ph)R -40.76
AT5G46210 LRAGNKGT (ph)S(ph)EEELESVLEK 10.56
AT5G46740 RFT(ph)NDGVTMEK -22.37
AT5G56430 LIPT(ph)LDY (ph)DGTY (ph)S(ph)AAALEFFGK 232
AT5G56560 LSS(ph)VKLS(ph)VASLLK 5.33
AT5G57820 AKDDEKTLNM(ox)DS(ph)K -3.02 1.39
protein.posttranslational modification

replicate 1 replicate 2
accession pPeptide log2(ahk1/wt) sd p-value log2(ahk1/wt) sd p-value
AT1G03590 LLS(ph)LLNSIKSK 1.06
AT1G43900 SSLM(0x)ISSRDPNALFS(ph)GGGIS(ph)FLAGVR 21.32
AT1G61610 TGDLVLCS(ph)DSDR 0.42
AT1G66700 DKM(0x)T(ph)KAIS(ph)ANLDLDLISNR 20.27 0.0185
AT1G71530 S(ph)ILQLLPHHPPS(ph)S(ph)SSSSK -13.66 -10.00
AT2G23080 AAE(s)(S)RLRTQ 2356
AT2G25880 (ac)M(ox)GIS(ph) TETQQIAASEAAQKR 1.33 0.93 0.6411 5.48E-02
AT2G30020 LRFQKPPS(ph)GFAPGPLS(ph)FGS(ph)ES(ph)VSASSPPGGVLK 29.66 6.99
AT3G50310 DEDKVLMS(ph)PK 2.84
AT3G51370 SIGDVY (ph)LKK 28.46
AT3G53640 RSYS(ph)PSDEVVK 28.93
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replicate 1 replicate 2
accession pPeptide log2(ahk1/wt) sd p-value log2(ahk1/wt) sd p-value
AT3G53930 NVTNLTAPMPIASAT(ph)GNNLSR -22.37
AT3G59110 NSGKMMSY (ph)LGRTK 1.57
ATA4G02710 S(ph)QT(ph)IVLLNESIK 419 0.2133 3.90 1.07E-01
ATA4G24100 EM(0x)VAMCLVKDQT(ph)K 0.21 0.2998
AT5G21222 QKHFHSLLS(ph)LISK 2326
AT5G25510 TAVLVT(ph)PR -40.84
AT5G26751 DST(ph)GVDKLPEEM(0x)NDMK 0.20 0.0200 -0.57
AT5G35380 FKAADV/(s)(s) TVM(ox)K 0.34
AT5G35960 (ac)M(0x)LKCVS(ph)VQIQTSFVLS(ph)CLLLLQSIAMK 10.00
AT5G39420 VS(ph)DLPM(0x)T(ph)TGPASGFAWAVK 218 1.3900 3.90
AT5G53140 QT (ph)DVAFLESEK 0.53
AT5G57610 IFLFS(ph)T(ph)PEQDGSLHY (ph)VER 2,68 0.1094
AT5G57670 Y (ph)DDQQM(0X)NK 0.13 3.11E-01 -0.11
AT5G59270 DTLMDVVDS(ph)KLGDFKAK 6.96
AT5G63370 M(ox)KEDRFEEEYGFPLT(ph)S(ph)LR -19.33
AT5G65530 LT(ph)RHAKEVEER 1.69
RNA.regulation of transcription

replicate 1 replicate 2
accession pPeptide log2(ahk1/wt) sd p-value log2(ahk1/wt) sd p-value
AT1G01060 DTNT(ph)SGEELLAK 0.75
AT1G20900 RPRGRPPGS(ph)KNK -19.58
AT1G21000 GDLSLTFS(ph)LK 1.65 0.14
AT1G22985 KQDS(ph)DASGGASEEW 0.11
AT1G26680 S(ph)Y(ph)FVGS(ph)VTASSIKKDK -5.60
AT1G28420 AELS(ph)EKLDLSDR -21.90
AT1G34410 LFGVT(ph)LDTPPM(0X)IK 423 3.12
AT1G49190 S(ph)DRLDQVK -20.44
AT1G49900 RNQDEVVPS(ph)RDK -20.82 -0.37
AT1G58025 VKLKT(ph)S(ph)K 0.79
AT1G59890 DRNS(ph) TFPGMHPK -23.01
AT1G61980 ETLLDKSS(ph)KSEK 0.31
AT1G62110 YS(ph)VILHGRR 10.69
AT1G63470 S(ph)KDS(ph)SSM(ox)SDPNAPK -11.47
AT1G72440 FVTALDES(ph)SK 2.20
AT1G73360 FAS(ph)LSVPASSSR 122
AT1G77800 ESLLKM(0x)AVS(ph)GPPS(ph)EKR -2.03
AT1G79430 GLT(ph)LYHLKSHLQK -21.60
AT1G79700 Y(ph)LNPNAAADK -0.28
AT2G03710 ARSM(0x)LDQLS(ph)DLKTK -43.95 -0.80
AT2G20710 FFET(ph)IPM(0x)ERR 10.00
AT2G23340 (ac)MET (ph)EAAVTATVTAATM(0X)GIGT (ph)R -0.37
AT2G23380 TTPTKF(s)()K 1.30
AT2G26780 Y (ph)PKFIEMLEY (ph)ILK 2.18 0.1300 -0.10
AT2G26780 T(ph)DTEEDSRTTTRETITGK 0.46
AT2G28090 MDKEKETVT(ph)VM(0x)GT(ph)MDIK -20.28
AT2G28500 TDAVNS(ph)M(ox)VYEAGAR 0.60
AT2G28700 KFEM(ox)LPET (ph)QK 0.04
AT2G36720 LSDS(ph)S(ph)LGIIQTKQER 1.43
AT2G38950 GPGYTLKSFKNFADT(ph)Y(ph)K 051
AT2G44730 Y(ph)TASPSAGVSSNPR -21.37 0.3879
AT2G45660 IENATSRQVT(ph)FSK 4.63
AT2G46020 VAST (ph)S(ph)KLHVSS(ph)PKS(ph)GR 0.40 0.1737 -0.14 0.8169
AT3G04730 TYQDLSNALS(ph)K -21.57 -8.31
AT3G05380 S(ph)SETTHK -10.00 -10.00
AT3G10800 TENGNTNKPT(ph)SSSSMVVSVLLDPR 29.52
AT3G18960 MVTTQNT(ph)KAR 10.00 10.00
AT3G21480 KLS(ph)PEEERGFS(ph)PGGVVTR 1251
AT3G21810 FDERRDY (ph)AGGLK -0.85 0.1210
AT3G24050 KKT(ph)M(0x)T(ph)VAAAALIM(0X)GR -22.40
AT3G24140 SLM(ox)PGSY(ph)VQR 131
AT3G24490 VEKS(ph)GLGSSK 2.07 0.3517
AT3G27720 KCEDES(ph)ETVNWMTVNTK 11.34
AT3G46080 S(ph)FLPETTTVTTLK 1.72
AT3G47500 S(ph)PEKVT(ph)PELS(ph)DK 1.01 -0.43 1.1176 3.49E-01
AT3G48050 LWWLT(ph)DQDYIDDRQLEVDK -0.72
AT3G52250 EEDILPIPS(ph)MK -0.69 0.1000 0.37 0.0612
AT3G52270 Y(ph)MGKNRQIQVIDNAR 0.27
AT3G53460 MS(ph)ASASSLSAFNPK 0.07
AT3G55080 M(ox)LFCIS(ph)TVK 2.19
AT3G56330 SEVQIERNLEFETGET (ph)FFRHES(ph)AR -20.27
AT4G08990 T(ph)FQLTM(ox)ASLLEIGY (ph)QVR 28.67
AT4G11060 IRMIKY (ph)GES(ph)ISK 0.71
AT4G11140 SPVS(ph)VLESPFSGESTAVK -19.20
AT4G12040 LCDNGCGFFGS(ph)PS(ph)NM(ox)NLCSK -1.28
ATAG13980 TTLKSQELNFNS(ph)IE(t)(S)ASEK 21.26
AT4G13980 LLNFLET(ph)AIR 6.33
ATA4G22745 KSRSENSSVASSGS(ph)K 1.78
AT4G31610 KT(ph)PSPFLIVK -20.50
ATA4G31800 QSPEIEQT(ph)DIPIKK 2.89
ATAG38000 IKT(ph)T(ph)AKPPR 60.31
AT4G39870 (ac)M(0x)GKHKS(ph)FR 0.63 0.39 0.4095 5.82E-01
AT5G04340 SFAT(ph)GQALGGHK 0.00
AT5G06550 M(0x)PKCKNLLL(t)(S)K -20.79
AT5G07350 IGIWQYGDIESDDEDTGPAR -0.95 0.2209
AT5G09790 M(0x)KS(ph)MAEIM(0x)AK -10.00 -10.00
AT5G11430 T(ph)ALKDEAAKADNEK 3.20
AT5G16680 RQRS(ph)S(ph)LLAGAK 22.38
AT5G18560 HT(ph)LPQTVLPAASFK -0.09
AT5G19490 1AM(0X)AVPLLVS(ph)K -1.50
AT5G22260 LKT(ph)FGESGHPAEM(ox)NELSFR -2.56
AT5G22650 KKGGHT(ph)AT (ph)PHPAK 0.04 0.3028 0.09
AT5G23150 S(ph)AS(ph)VGERLTVVSK 21.27
AT5G23150 TTSPVS(ph)ESLEHSSFDPKIK 29.42
AT5G36670 SEVKVES(ph)KDDR -20.84 -3.89
AT5G51230 M(oX)PGIPLVS(ph)R 5.03
AT5G52170 KLT(ph)LESKQIK -20.27
AT5G58850 T(ph)KISIE(t)R(S)DNK 2455
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replicate 1 replicate 2
accession pPeptide log2(ahk1/wt) sd p-value log2(ahk1/wt) sd p-value
AT5G59800 FRS(ph)LVSVER -4.74
AT5G60170 IDSSINT (ph)DKK 5.04
AT5G60200 KPS(ph)PAT(ph)AVTR 10.00
AT5G65210 ALSSSWAT (ph)RHREPT 3.24
signaling.
(Ca) calcium; (G) G-proteins; (S) sugar and nutrients; (L) light; (M) MAP kinases; (PI) phoshpoinositides; (RK) receptor kinases; (U) unspecified
replicate 1 replicate 2
accession category pPeptide log2(ahk1/wt) sd p-value log2(ahk1/wt) sd p-value
AT1G04830 (G) S(ph)RITDEDHPLSLGK 10.60
AT1G07150 (M) M(0x)LS(ph)S(ph)PSSFWVR 2.36E-01 121 1.99E-01
AT1G09630 (G) AFQTILS(ph)EVY (ph)RIIS(ph)KK -10.00
AT1G09630 G) ARRPDEEY (ph)DYLFK -0.69
AT1G10240 L MCQS(ph)IKEKDPNFK 464
AT1G14390 (RK) NS(ph)TQNLAQQMEVLSKLR 29.91 3.90
AT1G18840 (Ca) LQGS(ph)SSPRQLGTT(ph)EK 2052 0.5668
AT1G19090 (RK) LLGFLRAM(0x)S(ph)SVNDFITNDK 10.99
AT1G21210 (RK) HIVSYFASAT(ph)K 0.99 2.39 0.1804 1.07E-01
AT1G21230 (RK) IMGEERPS(ph)M(0x)K 276 0.1000 8.84E-02 3.91 0.1911 452E-02
AT1G23540 (RK) MVQVVRALDCDGDS(ph)GDISNGIK 22.42
AT1G29020 (Ca) DKAKIT(ph)SDTFSEIYK 11.16
AT1G51820 (RK) YLFRGY(ph)ISNSSTRIR -44.44
AT1G53430 (RK) RLGPIPEY (ph)IGS(ph)MS(ph)ELK 2.95 0.0867
AT1G53510 (M) FS(ph)KADPLALR -1.66
AT1G56330 (G) Y(ph)HLGLT (ph)NFT(ph)TGK 2,91 3.3600 3.98 6.69E-02
AT1G64460 PI) T(ph)LRIST(ph)M(0X)LLKK -0.87 0.2140 4.16E-01 -0.03 0.6050 4.17E-01
AT2G03150 (G) GGKDES(ph)RIQVK 21.10 0.2600
AT2G17930 (PI) M(0x)LDAGKS(ph)LCSLLK 22.01
AT2G19190 RK) gg:(DPAFS(ph)NLT(ph)SIRKLDLSGNTLTG EIPAFLANLPNLTELNVE 12.97
AT2G26420 (PI) FDLKGS(ph)SHGRTIDK 0.30 0.0700 -1.99
AT2G28960 (RK) MGIT(ph)PENASLPLR -14.56
AT2G39280 (G) PSLQAIEDLMS(ph)VR 0.20
AT2G40116 PI) ETLKVKVY(ph)MGDGWR 23.62
AT2G41560 (Ca) M(0X)VT (ph)GDNISTAK 11.04
AT2G43130 (G) (ac)SDDDERGEEYLFK 10.00
AT3G02880 (RK) LIEEVSHSSGSPNPVSD -1.57 0.1083 1.56E-02
AT3G05990 (RK) ELS(ph)VTPAGAVIFASR 031 0.0500 3.84E-01 0.09
AT3G13460 (Ca) QVS(ph)EEKVT(ph)DEKK 28.91
AT3G19320 (RK) S(ph)FFYLPCGKDPHR 476
AT3G21180 (Ca) M(0x)STSS(ph)S(ph)NGLLLTSM(0x)SGR -10.00 0.0809
AT3G45780 () (ac)M(0x)EPTEKPSTKPS(ph)SR 1.69 0.03 0.4140 3.16E-01
AT3G46270 (RK) TKYY(ph)YENYDDK 10.00 10.00
AT3G50840 () VY(ph)DDGLY (ph)RAVDIYFK 10.89
AT3G51830 (PI) VSTIYGVGGT(ph)IR 22.67
AT3G55660 G) T(ph)PTKIDDFGFKR -20.12
AT3G57830 (RK) Y(ph)VHGNLKSTK -20.22
AT3G57830 (RK) KL(s)(s)T(ph)VSTPEK 28.76
AT3G63150 (G) (m)(M)LGGKS(ph)SAGGR 1.42
AT4G11110 (L) ARNMDQQT (ph)VAS(ph)SGSALVIANTSAK 0.50
ATAG14750 (Ca) M(0X)QRSSSQLGS(ph)NTAK 1.01
ATAG17160 (G) Y(ph)lIGDTGVGK 1.29
ATA4G23270 (RK) KIDLNAS(ph)QSLYGMVR -2.58 -3.91
ATAG23280 (RK) PTM(0x)SAIVQM(0x)LT (ph)T(ph)SS(ph)IALAVPR 0.02
AT4G33240 (P1) EY(ph)KQMLNVVK 1.96 2.80
ATAG35310 (Ca) EM(0x)FQAMDTDNSGAIT (ph)FDELKAGLR -21.00 0.1092
AT4G36945 (P1) SESSS(ph)LDTMSR -21.69
AT4G38200 (G) S(ph)SSAEIRELIVR 28.05
ATAG38430 (G) FPGLPQT(ph) TLDMNK 22,51
AT5G05160 (RK) AVLEDT (ph)TAVVVK 2.13 0.2016
AT5G05940 G) FPSLTQTS(ph)LDISK 1.92
AT5G05940 (G) M(0X)ENLVKS(ph)CAGIEK 37.18
AT5G06740 (RK) DIAVKRVS(ph)EK 30.48
AT5G10530 (RK) GY(ph)LNSLDMMVAIK 0.61
AT5G16900 (RK) RIT(ph)YSEILLM(0x)TNNFER 25.34
AT5G17470 (Ca) QT (ph)IAECIAM(0X)VR 1.22
AT5G17580 (L) LY (ph)EPFM(0x)IRAIKS(ph)R -0.38
AT5G39030 (RK) ASIPES(ph)KSLIK 437
AT5G39380 (Ca) SLDDNLNETLKPGS(ph)S(ph)KM(0x)KK 2227
AT5G39380 (Ca) GTVS(ph)SRVASKK 2.76
AT5G43310 (L) ET(ph)RVSLDTQNKSVSQTR 11.63 0.6031 4.34
AT5G43310 (L) LS(ph)EPKMGNT (ph)SAPSSSVRPRR -1.86
AT5G46330 (RK) M(ox)NLT(ph)FISIGR -19.63
AT5G48380 (RK) LK(t)F(s)V(s)DNRLVGPIPNFNQTLQFK -47.46 0.2185 5.48E-02 -14.91
AT5G48410 (S) FNGLS(ph)GDFQLNDK -22.91 3.19
AT5G54590 (RK) CIS(ph)RAPR 19.76 -10.00
stress.
(U) unspecified; (a) abiotic; (b) biotic
replicate 1 replicate 2
accession category pPeptide log2(ahk1/wt) sd p-value log2(ahk1/wt) sd p-value
AT1G21610 (a) M(ox)EPS(ph)TTSNQQPKK 7.30 -3.89
AT1G33870 (b) M(ox)T(ph)QLLER -21.69
AT1G33880 (b) GTS(ph)VSKPVK -3.45
AT1G58390 (b) MVCS(ph)GGGFPQLKK 6.25
AT1G62320 (a) LM(0x)KS(ph)LIQGFLPGIVLK -1.71 3.16E-01 -12.70
AT1G63730 (b) M(ox)VET(ph)IARDVSNK 0.62
AT1G68300 (a) NAGLNRLDEGT(ph)K -21.04
AT1G77310 (a) KSGSNGRPKYS(ph)TLEK -26.13
AT3G02840 (b) NQLIS(ph)GDISVVETK -22.12
AT3G23010 (b) IM(0x)DTFPFWLGS(ph)LPY (ph)LK 10.00 10.00
AT3G44630 (b) LETLPT(ph)NINLIS(ph)LR -19.92
AT4G02100 (@) S(ph)ESIAHVLSHIK 28.88 10.00
AT4G08685 (a) CS(ph)NVSPGHDRARVTLTR 29.50
AT4G15910 (@) (ac)M(ox)AARS(ph)LSGAVK 0.63 0.29 0.6327 5.74E-01
AT4G16660 (a) IEKVT(ph)KT(ph)ENTTK 0.21 0.0300 0.01
AT4G16860 (b) YDVFPS(ph)FSGVDVRK -0.05
AT4G21100 (@) IFVLPDLT(ph)LIT(ph)K 10.00
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replicate 1 replicate 2
accession category pPeptide log2(ahk1/wt) sd p-value log2(ahk1/wt) sd p-value
ATA4G25200 (@) AS(ph)ALALKRLLSSSIAPR -14.39
ATA4G29920 @) RT(ph)GAYTVHQT (ph)LTPEAAS(ph)VLK 10.00 10.00
AT4G39640 (@) SELVAVS(ph)DPR 241
AT5G09590 a) REVVSSPFSAY(ph)R 1.29 0.1400 1.01
AT5G11250 b RGES(ph)IGPELLR -44.40
AT5G17890 () EIPIFNAT (ph)HPPK -2.30
AT5G40170 b S(ph)LVNC(B)(t)LK 21.10
AT5G45050 (b) YAGLQEIY (ph)K 5.12
AT5G51440 @) VY (ph)KTDEIKAEM(0X)K 33.44
AT5G64940 (@) FDYEPIAAAS(ph)LGQVHR 1.62
transport.

(ABC) ABC transorters; (aa) amino acids; (am) ammonium; (Ca) calcium; (cyn) cyclic nucleotide or calcium regulated channels; (H+) H+ transportig pyrophosphatase; (Aq) Major Intrinsic Proteins; (U)
membrane system unknown; (met) metabolite transporters; (m) metall; (mi) misc; (ni) nitrate; (nu) nucleotides; (ATP) p- and v-ATPases; (pep) peptides; (por) porins; (px) peroxisomes; (P) phosphate; (K)
potassium; (su) sugars; (S) sulphate; (-) anions; (+) cations

replicate 1 replicate 2
accession category pPeptide log2(ahk1/wt) sd p-value log2(ahk1/wt) sd p-value
AT1G05030 (su) M(oX)WVTNT(ph)VLLY (ph)R 0.87 7.12E-02 -0.36 0.0817 9.82E-02
AT1G15990 (cyn) FIPLT(ph)SELK 4.06 0.2100 7.18E-02
AT1G16780 (H+) GSDS(ph)HKAAVTGDTVGDPFK -20.65
AT1G17500 (mi) YNLIT(ph)FFPK -0.56 -0.79
AT1G22530 (mi) EILQSES(ph)FK 0.50 9.63E-01 0.19 1.0639
AT1G59870 (ABC) (ac)M(0x)DYNPNLPPLGGGGVS(ph)M(0x)RR 0.29 0.7550
AT1G59870 (ABC) GT(ph)ADFLQEVTSKK -22.59 0.0312
AT1G60960 (m) FPFPGFFAMIAALIT (ph)LFVDFM(0x)GTQYYERKQER 10.00 10.00
AT1G61630 +) (ac)M(ox) TNPEDIPS(ph)R 161 5.13E-01 -0.31 2.0615 6.46E-01
AT1G67300 su) LLYS(ph)M(ox)FSTFCLMAVMFVK -21.85 2.24E-02 -5.98 6.69E-02
AT1G69870 pep) RISS(ph)PGSILDAEK 3.88
AT1G69870 pep) S(ph)SPSELDVVDPYK 10.00
AT1G71880 su) KLYS(ph)LGVQS(ph)GAM(0x)GLMFNSIVLGFMSLGVEWIGRK -14.70 0.0859 -1.94
AT1G72160 (mi) SM(0x)IPQNLGS(ph)FK 2.47 0.1615 131 0.8303 2.52E-01
AT1G75370 (mi) T(ph)KLM(ox)WS(ph)NM(0x)IK 0.76
AT2G01980 ) (ac)MTTVIDAT (ph)MAYR 0.33 0.2040 0.10
AT2G18960 (ATP) GLDIDTAGHHYT(ph)V 1.00 0.4008 1.57E-01 0.77 0.0778 4.33E-02
AT2G22500 met) NY(ph)KSVLDAITQM(0x)IR 22.37
AT2G31910 m) (ac)M(ox)ADPAAES (ph)IDASSS(ph)RFGR 114
AT2G31910 m) T(ph)TASLLIM(0x)NDEAKPK 10.00
AT2G37170 AQ) SLGS(ph)FRSAANV 14.94 0.3513 2.95E-01 -1.70 0.8329 1.80E-02
AT2G39450 (m) 1S(ph)NIANM(ox)LLFAAK -0.80
AT2G40420 (aa) SSLAGES(ph)T(ph)TY (ph)AGVM(0x)K 0.79
AT2G47800 (ABC) S(ph)FLGSHIVEDGSK 1.65 0.1926
AT3G01390 (ATP) (ac)M(ox)ES(ph)NRGQGSIQQLLAAEVEAQHIVNAAR 10.00
AT3G09030 (K) RGMIS(ph)KIEAGGDR 20.07
AT3G13090 (ABC) ALLVAMT (ph)GFK 11338
AT3G21250 (ABC) LRSTSEILNS(ph)MKVIK 2852 0.0522
AT3G27870 (ATP) LLLLS(ph)KGADSVMFKR -13.87
AT3G28380 (ABC) M(0X)IGKFS(ph)TALR -19.63 -1.01
AT3G45680 (pep) EVKTSAAMPS(ph)KSFR 21.22
AT3G47770 (ABC) (ac)M(ox)AKPVAAS(ph)FLT(ph)QANALFK 174 0.2495
AT3G49920 (por) TLDKY(ph)PR 2221
AT3G51670 (mi) (ac)M(ox)DASLS(ph)PFDHQKTQNTEPK 0.19 0.35 1.2180 5.23E-01
AT3G53420 (AQ) SLGS(ph)FRSAANV 050 0.0679 7.64E-03 170 0.8329 5.02E-03
AT3G60160 (ABC) EVY(ph)LAYLT(ph)T(ph)VK -10.00
ATAG11440 (met) GSVKKSS(ph)IK 3.81
AT4G13510 (am) VEPRS(ph)PSPSGANTTPTPV 0.81
ATA4G21120 (aa) M(ox)AS(ph)GGGDDGLRR -20.06 431
AT4G23700 (m) M(0X)AEHPGIS(ph)LTVVR -1.99 0.1828
AT4G30190 (ATP) GLDIETPSHYT(ph)V -9.76 0.1710 1.85E-02 -3.70 1.17E-03
ATA4G32500 (K) RKLS(ph)NFK -20.78
AT4G32530 (ATP) (ac)SGVVALGHASS(ph)WGAALVR 10.00 10.00
AT4G35100 (Aq) ALGS(ph)FRSNATN -21.23 0.1060 1.42E-01 -12.98 0.2479
AT5G06530 (ABC) FRDVTY (ph)KVVIK 0.67
AT5G16740 (aa) S(ph)LPSTM(0ox)TDRTKLVAR 11.06
AT5G23630 ) ELILT(ph)T(ph)FK 2.28
AT5G35730 (P) FSRPSTISNLLY(ph)GR -13.51
AT5G46050 (pep) FY(ph)VYRAEVTDSVDVK 0.82
AT5G49890 ) TTFGS(ph)QILR 27.40 0.3061
AT5G57350 (ATP) LGMGS(ph)NMYPS(ph)SSLLGK 2.34 3.08 0.2003 1.42E-01
AT5G60660 (AQ) ALGSFGSFGS(ph)FR 1155 8.73E-02
AT5G64840 (ABC) NGAS(ph)GISSGVKLENIR -23.26
AT5G67500 (por) IDTDSSVLTTVTLTEILPSTK 3.24
others - amino acid metabolism
replicate 1 replicate 2
accession pPeptide log2(ahk1/wt) sd p-value log2(ahk1/wt) sd p-value
AT1G04710 AGFY (ph)DIGIGAGLES(ph)M(0x)TT(ph)NPR 0.12 0.3530
AT1G22410 DGVKLPS(ph)YR -21.17
AT1G55880 VKCFLIDPPGSGLY (ph)NK -1.15
AT1G69523 FNGGADVKKT(ph)S(ph)LSR 132
AT2G14170 RLYKEADDNT (ph)K -42.99
AT2G20610 RAVADY (ph)MNR -20.98
AT2G41040 (ac)AMAALT (ph)SSSSAIT(ph)LLNK 10.00
AT2G43940 (S)()KKFS(ph) TLPNAK -21.35
AT3G04520 (ac)MVTPT (ph)T(ph)IRTVDLRS(ph)DTVTK -0.66
AT3G17365 DKGVYILIT(ph)YGAPIYR -0.23
AT3G53580 (ac)M(ox)EIAAVS (ph)TVS(ph)VAPQSRR 0.19
AT3G54640 GTNLDS(ph)ILEMLDK 1.33 0.0600 1.01
AT5G06300 TLM(ox)PREIT(ph)GETIGEVK -21.17 -12.32
AT5G48060 IM(0x)S(ph)LLS(ph)GYFLVGK
AT5G63890 MY (ph)SGV(s)LD(s)FLK 0.19
others - cell wall.
replicate 1 replicate 2
accession pPeptide log2(ahk1/wt) sd p-value log2(ahk1/wt) sd p-value
AT1G09550 KGS(ph)GYGSSTLMEK 0.72
AT1G53840 (ac)M(0x)DSVNS(ph)FKGYGK 10.00
AT3G05610 KT(ph)CEDTLIK 1.50
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replicate 1 replicate 2
accession pPeptide log2(ahk1/wt) sd p-value log2(ahk1/wt) sd p-value
AT3G10710 KVADIVVAKDGS(ph)GK -43.38
AT3G14310 T(ph)RT(ph)IITGSR 7.58
AT3G19620 DVKCGDQT(ph)LISAAVK -20.31
AT3G61130 FYLPEVY(ph)PK 2.22
AT3G61130 NDLLQELQARLKDS(ph)QR 64.95
AT4G20460 M(0x)LS(ph)FSRARSQGR -20.63
AT4G30440 PSIEDELFPST(ph)PGK -10.00
AT4G35670 GRLT(ph)EESAVAISNVKFVDFR -2.37
ATAG37800 M(0X)VVSLFS(ph)S(ph)R 117 0.93 0.9872 1.00E+00
AT5G06870 TMTLFLLLS(ph)TLLLT (ph)T(ph)S(ph)LAK 0.61
AT5G39280 ISCART(ph)GGVK -21.69
others - cell.

(c) cycle; (d) division

replicate 1 replicate 2
accession category pPeptide log2(ahk1/wt) sd p-value log2(ahk1/wt) sd p-value
AT1G65920 (d) QVLVY(ph)NK 0.34 0.24
AT1G65920 (d) LS(ph)SVITIVR 10.32
AT1G70620 ) QDS(ph)NKPYGK -14.29
AT2G41830 ) GM(0x)GLPRS(ph)LSR -19.45
AT3G13210 c) EIFDRANT (ph)Y (ph)NK -25.38
AT5G12350 d) VGS(ph)SFDIKMDSLLPK -0.37
AT5G25380 d) IRMVESLDAS(ph)ASK 5.07
AT5G45190 ®) SRNVDVGDALIS(ph)QS(ph)PK 0.52 0.3831 0.12
others - DNA.

(r) repair; (s) synthesis; (u) unspecified

replicate 1 replicate 2
accession category pPeptide log2(ahk1/wt) sd p-value log2(ahk1/wt) sd p-value
AT1G03190 ) HLGT(ph)QAKILALGLSSR -42.34
AT1G12370 ) FNVDSY(ph)ISYVK 1.23
AT1G12700 (s MMIKRS(ph)I TTNMK 1.09
AT1G26840 (s MDIS(ph)DIGRK 10.97
AT1G58050 (s KS(ph)SGFGKSR 22.07
AT1G58050 (s AALPIS(ph)EVK 7.96
AT1G58050 (s S(ph)LM(0x)GDFLLIILK 26.66
AT1G66730 (s MNLT(ph)KGT(ph)ISPGK 2.83
AT1G77320 (@) NT(ph)HDQT (ph)MVY (ph)DS(ph)SSR 1.56 0.2035
AT2G13720 (u) WTIKFY (ph)K 1.73
AT2G38810 (s) (D()AAAANKDSVK 371
AT2G45810 (s) YLKIEVM(ox)VT(ph)TGGTSLRDDIMR 27.50
AT2G45850 (u) GRPPGS(ph)GKK 3.41
AT3G10270 (@) GY(ph)lIYSSPWIETK 2.92
AT3G10690 (s) RVPLS(ph)SFR 12.87
AT3G20540 (s) ELQM(0x)EDREAWI(S)YS(ph)ALD(S)ISTLKLYESM(0x)K 21.44
AT3G21430 (u) (ac)M(ox)APS(ph)RSKK -0.20 0.2417 0.44
AT3G21430 (u) SS(ph)LGKPRR -20.81
AT3G27970 (u) (ac)DYRSSM(0x)ESSET(ph)LR -0.69 0.93 1.00E+00
AT3G27970 (u) LYT(ph)RMRY (ph)QK 29.13
AT3G42170 (u) (ac)M(ox)EVYNDDTEM(0x)RS(ph)PETQPIK 0.10
AT3G42670 (u) WHAQPSVLVM(0x)GY (p